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ABSTRACT 
In recent years, overexploitation and pollution have led to rapid decline of 
natural penaeid shrimp populations in many areas of Southeast Asia. As a result, 
penaeid shrimp culture has become an important industry in regions where market 
demand for shrimps is high. Successful shrimp culture requires detailed information 
on larval biology and physiology. The present study aims to provide information on 
morphological and dietary changes in Metapenaeus ensis during its early life history 
development. 
Metapenaeus ensis larvae have six naupliar (NI to NVI), three protozoeal 
(PZI to PZm) and three mysid (MI to Mill) instars. Feeding generally begins at 
PZI. Shrimps are referred to as postlarvae after Mm. Postlarvae are labelled by 
the number of days after reaching posdarval stage {e.g. PLl, PL2 etc), Protozoeae 
have densely plumose second antenna, first and second maxilliped for capturing 
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algae. The lack of effective grasping appendages suggests that protozoeae are 
probably obligate herbivores. At mysis, the animals begin to resemble the general 
body form of adult shrimp. There is a reduction in the surface area of the second 
antennae. The appearance of chelae on the first three pairs of pereiopods indicates 
that the myses are morphologically adapting to a carnivorous feeding habit. 
Postlarvae are miniature shrimps. With strong and functional chelae, postlarvae are 
already predominantly carnivorous. 
Feeding experiments were conducted with larvae and postlarvae of M. ensis. 
Chaetoceros gracilis and the Anemia nauplii were used as food. Three patterns in 
the feeding behaviour were observed. Protozoeae were efficient grazers. Highest 
clearance rates were observed at low algal concentrations. Predation rates on 
Anemia nauplii were negligible. The myses also fed actively on algae, but clearance 
rates were highest at high food concentrations. Predation on animal prey increased 
rapidly during mysis. At Mill, the presence of animal prey appeared to reduce 
grazing rate, while the presence of algae also appeared to reduce predation on 
Anemia nauplii, even though both effects were not statistically significant. Feeding 
rates on algae were very low in postlarvae. In addition, the presence of algae did 
not affect the predation rate on animal prey. The postlarvae derived most of their 
energy from animal food. Results of feeding experiments showed thatM. ensis were 
herbivorous as protozoeae, omnivorous as myses, and carnivorous as postlarvae� 
These are consistent with the conclusions drawn from the morphological 
observations. 
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Penaeid shrimp have gained much attention in recent years as a high-
priced seafood, and penaeid shrimp culture has become an important industry 
in many parts of Southeast Asia. Successful intensive culture of penaeid shrimp 
requires a stable and abundant supply of larvae. In recent years, many studies 
have been carried out on methods to enhance larval supply and growth. These 
methods include the induction of ovarian maturation of female shrimp by 
eyestalk ablation and the application of optimal diets to optimize larval survival 
and growth. 
Shrimp of the superfamily Penaeoidea exhibit a complicated larval 
development from non-feeding nauplii to protozoeae and then myses 
(Williamson, 1982). The food preference of the early developmental stages of 
penaeid shrimp has been studied in laboratory experiments. It is commonly 
known that larvae and early postlarvae of some penaeid shrimp will switch from 
herbivory to carnivory during certain stage of development (Emmerson, 1980; 
Chu and Shing, 1986). Most information on the feeding behaviour of decapods 
generally focus on the juvenile stages. Thus, the feeding biology of decapod 
1 
crustaceans is often better known for juveniles and adults than for larvae and 
early postlarvae (Moller, 1978). The few studies on the feeding habit of larval 
and early postlarval stages of decapod crustaceans were mainly concerned with 
carnivorous feeding behaviour. Relatively little attention was given to larvae 
which are herbivorous or omnivorous (Wong et al., 1989). This thesis presents 
information on the herbivorous and omnivorous feeding behaviour of the early 
life history stages of Metapenaeus ensis. 
The main objectives are: 
(1) to measure the grazing rates of M. ensis larvae and early 
^ ？ 
postlarvae on different concentrations of the diatom 
Chaetoceros gracilis, 
(2) to investigate the preference of M ensis between C. gracilis and 
Artemia nauplii. Emphasis will be given to changes in food 
preference during development. 
(3) to study the morphology of the feeding appendages of the larvae 
and postlarvae and explore the relationship between feeding 
appendages and feeding behaviour. 
2 
Results of the feeding experiments should provide information on the 
dietary changes in early developmental stages of M ensis. Information on dietary 
requirement would provide more economic and efficient use of food in the 
culture of shrimp larvae. From an ecological point of view, the results should 
provide a preliminary evaluation of the optimal feeding regime of M ensis larvae 
and postlarvae. Observation on the progressive changes in the morphology of 
the feeding appendages of M ensis is essential for future research on the 
systematics of penaeid shrimp. 
This thesis consists of 5 chapters. Chapter 1 is a short introduction. 
Chapter 2 is a review of the relevant literature. Because very little information 
is available on the feeding behaviour of decapod larvae, the literature review 
includes relevant information on other crustaceans. The aim is to present an 
overall picture of the important concepts in the field. The feeding patterns of 
the early life history stages of various crustaceans are also compared. Chapter 
3 describes the external morphology of the feeding appendages of M ensis larvae 
and early postlarvae. Experiments on the herbivorous and omnivorous feeding 
behaviour of the early stages of M. ensis are presented in Chapter 4 and Chapter 





2.1 Biology of Metapenaeus ensis 
Metapenaeus ensis is an economically important shrimp in Southeast Asia 
(Cheung, 1964; Yu and Chan, 1986). Its range covers the southern coast of 
Japan, East and South China Seas, Taiwan, Hong Kong, Philippines, Malaysia 
and Australia (Tseng et aL, 1979). According to Yu and Chan (1986)，its 
it ？ 
maximum length is 160 mm and the common market size is 60 - 100 mm. Body 
colour varies with the size of the animals. Animals smaller than 60 mm are grey-
green to dark green in colour while large adults exceeding 90 mm are pale grey-
blue. Antennal flagellum and pleopods are red; the whitish pereiopods contain 
red bands; and the tip of uropods are blue and red. 
Metapenaeus ensis is found mainly on sandy and muddy ocean bottoms of 
8 - 64 m in depth, but some individuals may penetrate to deeper waters of up to 
100 m or more (Yu and Chan, 1986). According to Omori (1974)，M. ensis is an 
epipelagic shrimp. Cheung (1964)，who studied M. ensis in Hong Kong waters 
between 1958 and 1960，found that its life span ranges from 15 to 20 months and 
its spawning season is from March to October. Similar to many other penaeids, 
M. ensis practises off-shore spawning and in-shore nursery habits, with juveniles 
preferring seawater of relatively lower salinity on the west coast of Hong Kong. 
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In a laboratory study, Chu and So (1987) found that the larvae increased their 
tolerance to low salinity as their development proceeded. In contrast to Penaeus 
spp., Metapenaeus spp, prefer vegetable food (Hall, 1962). According to Tseng 
et a/. (1979)，the larval development of M. ensis covers six non-feeding naupliar 
(NI to NVI), three protozoeal (PZI to PZIH), and three mysid (MI to Mill) 
stages. Larvae are planktonic until 5-day-old postlarvae (PLS), after which they 
become benthic. 
In recent years, many studies on various aspects of the biology (Chan, 
1984; Chu and Shing, 1986; Chu and So, 1987; Chu, 1989; Wong et al.，1989) and 
physiology (Ovsianico-Koulikowsky, 1987) of M. ensis have been carried out. 
Despite these studies, information on the feeding behaviour of the larvae and 
early postlarvae of M ensis is rudimentary. The present research was conducted 
to study the feeding behaviour of the early developmental stages of M. ensis. 
2.2 Definitions in the measurements of zooplankton feeding rates 
The feedingTates of zooplankton are usually expressed as either ingestion 
rate or clearance rate. Ingestion rate is defined by most authors (Paffenhofer, 
1971; Frost, 1972) as the amount of food eaten by an organism per unit of time, 
with units usually in the form of cells (or prey) (or d"^ ). Clearance rate, 
on the other hand, is usually defined as the volume of water swept clear of food 
particles per unit of time by an organism. Units are in the form of ml 
(or d-i). Although similar, ingestion and clearance rates define different 
phenomena. The concept of ingestion rate is straightforward, but the term 
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clearance rate is ambiguous and requires elaboration. It assumes that an 
experimental animal is 100% efficient in feeding, regardless of whether the prey 
consists of algal cells or small animals (Landry, 1981; Price et al” 1988). Thus, 
clearance rate simply expresses the minimum amount of water that must be 
"filtered" by an animal to capture the amount of food consumed (Rigler, 1971). 
The term is misleading if the animal is a predator hunting for prey. Even if the 
animal is a filter-feeder, the clearance rate calculated may still underestimate the 
actual volume of water passing through its feeding appendages. To avoid 
ambiguity, Richman (1966) referred to this frequently expressed form of 
clearance rate as the "effective" filtering (clearance) rate to differentiate it from 
the actual clearance rate, which could not be determined, 
？ 
2.3 Zooplankton feeding rates and food concentration 
Many factors can affect the feeding rates of zooplankton. A major factor 
is food concentration, which is also the main subject of study in this research. 
Here, the effects of food concentration on feeding rates are reviewed. The 
effects of the other factors will be discussed in the next section. In the following 
discussion, the term prey refers to both algae and animals, while predator can 
be either a grazer or a carnivore. 
According to Rolling (1959), the functional response of the feeding rate 
of an animal to changes in food density may have three different basic patterns: 
Type I，I，and III. These three patterns are also frequently used to describe the 
feeding patterns of zooplankton. Figs. 2.1 and 2.2 represent these three 
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responses expressed in ingestion rate and clearance rate, respectively. The Type 
I response or the rectilinear model (Mullin et al.，1975) describes the ingestion 
of prey by predator in linear proportion to prey abundance as prey density 
increases until a satiation point is reached. Beyond this density, the predator 
cannot handle the prey any faster and ingestion rate levels off (Frost, 1972，1975; 
Lampitt and Gamble, 1982; Porter et al., 1982; Dagg and Walser, 1987). The 
clearance rate of such a predator is always at a maximum value before food 
concentration reaches the satiation point, but drops exponentially when food 
concentration is higher than the saturation point. The Type I response assumes 
no interference in the capture-ingestion mechanism until the satiation 
concentration is reached. 
Holling Type II response is used to describe a predator which consumes 
prey at a decelerating rate as prey density increases. It has an ingestion curve 
fitted curvilinearly by a quasi-hyperbolic function. This reflects an increase in 
interference as the concentration of particles increases (Mullin et al, 1975). As 
predation cost increases, ingestion decreases. Of the possible curvilinear 
functions, the Ivlev curve (Ivlev, 1955), which describes fish feeding on small 
prey, and the Michaelis-Menton curve, which describes enzyme substrates 
kinetics, are the most commonly used. For instance, the Ivlev curve has been 
adopted by Deason (1980)，Lampitt and Gamble (1982)，Porter et al (1982)，and 
Yen (1983)，while the Michaelis-Menton curve has been used by Deason (1980). 
The clearance rate for Type II response drops exponentially as food 
concentration increases. A modified Type II response with a threshold food 
concentration has also been proposed (Holling, 1959). It assumes that the 
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predator will cease feeding at low prey concentration when feeding is no longer 
energetically beneficial. 
Rolling Type III response is less commonly used for data description for 
invertebrate feeder, but examples have been documented by Landry (1981). It 
describes a predator which increases its food consumption at rates faster than 
increase in prey concentration. Tinbergen (1960) argued that this was due to the 
formation of a search image. In its corresponding clearance rate curve, the rate 
first rises gradually and then drops with increase in food concentration. 
The patterns of functional responses discussed have frequently been used 
to describe the feeding behaviour of zooplankton as the food concentration 
increases. In reality, none of these patterns can be clearly verified because of 
the similarity in their shapes and the lack of scatter-free data points. Mullin et 
al (1975) and Deason (1980) tried to fit the best curve to their data, but none 
of their choices could be significantly justified on statistical grounds. Others 
turned their attention to the patterns of clearance rates at low food 
concentrations, where the various models differ most strikingly (Fig. 2.2). Frost 
(1974) examined the clearance rates of the copepod Calanus pacificus at 
extremely low food concentrations and concluded that the feeding response was 
a rectilinear model with a threshold where the animals ceased feeding at very 
low food concentrations. However, this is just one of the few exceptional studies 
which attempted to measure clearance rates at very low food concentrations. In 
general, the functional responses for most zooplankters remain equivocal. 
8 
Although the fitting of response curves for zooplankton feeding has raised 
much controversy, some general trends can be observed repeatedly. Peters and 
Downing (1984) reviewed western literature published before 1979 on the 
feeding behaviour of zooplankton. They concluded that, generally, as food 
concentration increases, ingestion rate rises while clearance rate drops. 
More delicate trends can be discerned both for ingestion rate and 
clearance rate. Ingestion rate increases with food concentration up to a certain 
level, after which it remains constant. The food concentration where ingestion 
rate ceases to rise and level off is often referred to as the critical concentration 
(McMahon and Rigler, 1963; Frost, 1972) or incipient limiting level (ILL) 
(McMahon, 1965; Emmerson, 1980). 
For clearance rate, the classical study of Frost (1975) on the functional 
response of Calanus pacificus feeding on diatom Thalassiosira fluviatilis is worth 
mentioning. Frost regarded the animal's functional response to change in food 
concentration as a three-phase pattern. As food concentration increased, 
clearance rates increased, then levelled off, and finally dropped. Frost proposed 
that in phase I, when ambient food concentration was so low that the animal 
could only obtain less than about 15 % of its maximal hourly ration while 
filtering at the maximal rate, the animal would feed at reduced rates. It would 
expend less energy and become less active to conserve energy. In fact, 
Paffenhdfer (1988) reported that most calanoid copepods would eventually 
reduce their clearance rates as food concentration declined. A similar conclusion 
can be drawn from a mathematical model (Lam and Frost, 1976) which assumes 
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that a filter feeder (a copepod) will maximize its net rate of energy gain within 
physical limits imposed by physiological considerations. This mathematical 
model also assumes that the net rate of energy gain of an animal is the 
difference between the net gain from ingestion and energy loss due to respiration 
and feeding activity. Phase I of the clearance pattern proposed by Frost (1975) 
can be predicted by this mathematical model. The animal will follow an optimal 
feeding curve by increasing its filtering rate as square root of food concentration. 
As food concentration further increases, the animal will enter into phase II. 
Here, the animal can obtain more than 15 % of the maximal hourly ration and 
it will feed at the maximum possible rate. In both phases, the ingestion rate of 
the animal will increase as food concentration increases. In phase III, when the 
food concentration is above the critical value (or ILL), ingestion rate is constant 
and independent of food concentration. A drop in clearance rates occurs. An 
early explanation suggested by Ryther (1954) was that toxic or inhibitory 
substances in some algae such as Chlorella might depress feeding when released 
from ingested cells in the animal's gut. But according to the mathematical model 
of Lam and Frost (1976), this phase reflects the maximum rate of sustained 
� energy gain which the animal cannot exceed, due to a limited assimilation rate. 
In short, phase III represents the mechanical and/or physiological limit of the 
animal. Mechanically, a very high food concentration can hinder the normal 
food collecting mechanism of an animal. Harbison et al (1986) observed that 
when particle concentration exceeded 5.0 ppm, food boluses blocking the 
oesophagus of the pelagic tunicate Pegea confoederata will decrease the amount 
of food reaching the stomach. Lehman (1976) also pointed out that the ingestion 
rates of a filter feeder will cease to increase after its gut is completely packed. 
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Physiologically, factors such as digestive enzyme level are crucial in determining 
the maximal rate of food uptake by an animal. Mayzaud and Poulet (1978) 
suggested that the digestive enzyme level limited the maximum ingestion rates 
of five species of copepods. 
One last point concerns the functional response of a predator at extremely 
low food concentrations. Lam and Frost (1976) calculated that at extremely low 
food concentrations a filter feeder suffers a net energy loss whether it feeds or 
not. Animals confronting this situation may feed at optimal rate to minimize 
energy loss or cease feeding altogether to conserve energy. Copepods tend to 
cease feeding at low food concentrations (Paffenhofer, 1988). In contrast, the 
absence of a feeding threshold in daphnids (Paffenhofer, 1988; Porter et al. 
1982) suggests that the enclosed and synchronous feeding appendages may 
restrict the flexibility of the feeding behaviour in cladocerans. In fact, Muck and 
Lampert (1980) reported that Daphnia would filter to exhaustion when starved. 
2.4 Other factors affecting feeding behaviour 
Many factors, besides food concentration, can affect zooplankton feeding 
behaviour. One of the important factors is the size and morphology of the 
predator. Equally important is the characteristics of the prey. Generally, for 
many calanoid copepods, feeding rates increase as cell size increases (Mullin, 
1963; Paffenhofer, 1971; Runge, 1980; Dagg, 1983). However, food quality 
sometimes may override size. Many zooplankters have the ability to distinguish 
between young and aged algal cells (Mullin, 1963)，fast-growing and slow-growing 
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algal cells (Cowles et aL, 1988)，phytoplankton homogenate enriched and 
nonenriched microcapsules (Poulet and Marsot, 1978)，and amino acid enriched 
and nonriched food (Hamner and Hamner, 1977). In contrast to herbivorous 
grazers feeding on algae, invertebrate predators usually prefer smaller prey to 
larger ones (Dodson, 1974; Lonsdale et al, 1979; Greene and Landry, 1985). 
Euchaeta elongata overwhelmingly prefer live prey to heat killed prey (Yen, 
1982). Prey morphology，such as the presence of a hard carapace (Williamson, 
1983)，and prey behaviour, such as the swimming pattern and escape ability 
(Lonsdale et al., 1979; Williamson, 1983)，are also crucial factors in determining 
prey vulnerability. 
In addition to the factors discussed above, many aspects of experimental 
design may affect the measurement of zoopiankton feeding rates. For example, 
the duration of the experiment is known to be a crucial factor. Two main 
reasons account for this. First, the predator may feed at a high rate when 
initially placed in the food medium and then gradually reduce its feeding 
intensity (Mullin, 1963). Hence, the longer the experimental duration, the lower 
the mean feeding rate recorded. Second, many zooplankters exhibit did rhythms 
in their feeding behaviour. Duval and Geen (1976) demonstrated that some 
zooplankter species showed a bimodal diel feeding pattern with maximal feeding 
rates at dawn and dusk even in the absence of periodic light and temperature 
stimuli. These diel rhythms, if ignored, may produce serious experimental errors. 
Another factor imposed by experimental design is illumination, which 
stimulates the growth of phytoplankton and affects the behaviour of both 
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predator and animal prey. For example, Daphnia magna displayed a marked 
increase in filtering rates on yeast cells when light intensity was increased 
(McMahon, 1965). In the presence of phytoplankton, some copepods, such as 
Eurytemora himndoides, avoided light (Lucas, 1936), while others, such as 
Calanus finmarchicus, swam towards it (Bainbridge, 1953). Yen (1982) observed 
that the attack rate oiEuchaeta elongata on small copepods was 19 times higher 
in continuous darkness than in intermittent light. 
The volume of the experimental container may also contribute to 
variations in the measurements of feeding rates. Although some studies 
demonstrated no container effects (Mullin, 1963; Andersen, 1985), many others 
reported volume effects on zooplankton feeding behaviour. Price et al (1988) 
found a significant increase in ingestion rates of the Antarctic krill, Euphausia 
superba, on phytoplankton when the container volume was increased from 5 1 to 
50 1. The most comprehensive study on the effects of container volume was 
given by O'Brien (1988). The feeding rates of the predaceous freshwater 
copepod, Heterocope on other zooplanktonic species were tested in a range of 
) container sizes from 0.114 to 200 1 (1754 times). Over this range, feeding rate 
coefficient (Ld"^ ) increased by 281 times. The increase was most rapid from 1 
to 2 1 and then levelled off for further increase in container volume. O'Brien 
suggested a possible explanattion that the edge of the container affected the 
change in feeding rate. In general, animals will either stop or turn when they 
swim within 1 - 2 cm of the side of the container. The larger the container, the 
smaller the percentage of "dead space", and hence more effective volume is 
available. 
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Other factors such as starvation (Runge, 1980; Price et al, 1988), 
acclimation (Mayzard and Poulet, 1978)，and temperature (McMahon, 1965) 
have also been known to affect zooplankton feeding behaviour. 
The general effects of various factors on the feeding rates of zooplankton 
have been concluded by Peters and Downing (1984) who studied the correlations 
between feeding rates and predator dry weight, food concentration, food particle 
volume, temperature, duration, and volume of container. Only predator dry 
weight and food concentration significantly affect feeding rates. 
2.5 Feeding patterns of the early life history stages in various crustaceans 
Crustacean larvae exhibit marked developmental changes in their food 
preference and feeding behaviour. In this section, the feeding behaviour of 
several species of crustaceans will be discussed. 
Paffenhofer (1971) studied the feeding behaviour of the marine copepod, 
Calanus helgolandicus, on the diatom, Lauderia borealis, from naupliar IV to 
early adults. Calanus helgolandicus underwent six naupliar stages and five 
copepodite stages before metamorphosing to adults. Ingestion and clearance 
rates increased with development. Weight-specific ingestion and clearance rates, 
on the other hand, decreased with development. For all stages tested, clearance 
rates were higher at lower food concentrations. Yen (1983) studied the feeding 
behaviour of the carnivorous 4th. (CIV) and 5th (CV) copepodite and the adult 
stages of the copepod, Euchaeta elongata, by feeding them with adult females of 
Pseudocalanus spp. Ingestion rates increased with development. 
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Feeding behaviour of the early stages of decapod crustaceans can be 
illustrated by studies on penaeid shrimps. Penaeids, such as, Penaeus indicus, 
typically have three protozoeal (PZI, II and III) and three mysid (MI, II and III) 
larval instars. Emmerson (1980) observed that the feeding efficiency on the alga, 
Thalassiosira weissflogii, was highest in MI and Mil and then decreased with 
further development. To investigate carnivorous behaviour in early stages of P. 
indicus, Emmerson (1984) presented the shrimp with the rotifer, Brachionus 
plicatilis, and Artemia nauplii. Predation on rotifers began at PZI. Maximal 
ingestion rates appeared around PZIII - MI. Artemia nauplii, which are 
considerably bigger than rotifers, were first ingested at PZIII. Ingestion rates 
continued to increase all the way to postlarvae. The same two prey types were 
used by Yufera et al (1984) to investigate the feeding behaviour of the larvae 
and early postlarvae oi Penaeus kerathurus. With the exception of PZI, all larval 
and postlarval stages ingested the rotifer, B. plicatilis. Ingestion rates were 
highest from PZII to MI and decreased in the later stages. Ingestion on Artemia 
nauplii started at Mil, and the ingestion rates increased with further 
development. When a mixture of rotifers and Artemia nauplii was given, the 
ingestion rates of postlarvae on Artemia nauplii were similar to those recorded 
^hen Artemia nauplii were given alone, suggesting that the postlarvae preferred 
Artemia nauplii to rotifers. For M. ensis, it was found that the mysid larvae could 
ingest Artemia nauplii and ingestion rate increased with age of postlarvae (Chu 
and Shing, 1986). In general, ingestion rates on the diatom, Chaetoceros gracilis, 
increased with food concentration and age of the larvae (Wong et al, 1989). 
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Complicated larval and postlarval feeding patterns of the decapod 
crustaceans can also be found in the palaemonid shrimps (Palaemonidae). 
Palaemon serratus has nine zoeal instars. Yiifera and Rodriguez (1985) showed 
that from the first larval stage to zoea VII-IX ingestion rates on Artemia salina 
nauplii increased about 1.8 - 2.8 fold, with a slight plateau at zoea III and zoea 
IV. The palaemon shrimp, Macrobmchium rosenbergii, has eleven zoeal larval 
instars. Moller (1978) found that zoea I is non-feeding, but ingestion rates on 
Artemia nauplii increased about 20 times from zoea IV to the first postlarva. He 
further suggested that, while M. rosenbergii larvae are chance encounter feeders, 
postlarvae use visual, chemical and rheotactic senses to locate and capture prey. 
As a result, there is a tremendous increase in predation rates after reaching 
postlarvae. 
The last group of decapod crustaceans to be discussed is the brachyurans. 
While most crustaceans have short developmental period between moults, larval 
instars of crab often last for a number of days. This permits more detailed 
studies of feeding pattern within moult cycles. Carcinus maenas has five early 
developmental stages: four zoeae and one megalopa. Dawirs and Dietrich 
(1985) demonstrated that consumption of Artemia nauplii by individual instar 
increased exponentially with development. With higher feeding rates and longer 
duration than the zoeae, megalopa was the main energy consumer during 
development, accounting for 41 to 67 % of the total larval energy intake. For 
all instars, highest ingestion rates were achieved within the first two days of the 
moult cycle, followed by continual feeding at steadily decreasing rates. Feeding 
tends to cease shortly before ecdysis. Larvae of the spider crab, Hyas araneus， 
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adopts a somewhat different feeding pattern within moult cycles (Anger and 
Dietrich, 1984). Unlike C. maenas, H. araneus larvae have only two zoeal and 
one megalopa stage. Daily ingestion rates on Artemia nauplii were highest in 
zoea II and lowest in megalopa. However, with the longest moult cycle duration, 
megalopa still consumed more energy. Within each zoeal instar, the change of 
feeding rate with time was often parabolic in shape, with ingestion rates 
increasing during postmoult and intermoult, remaining high during early and 
intermediate premoult, and decreasing during late premoult. Patterns in 
megalopa varied from day to day so that no well-defined feeding pattern can be 
deduced. 
- f 
In summary, it seems that there is a general trend for ingestion rates on 
any given prey type to increase during larval growth. However, this may not be 
true in some cases. As larvae increase in size, their efficiency in handling small 
items such as algae will decrease, and the ingestion rates on such food items will 
drop. Hence, the size interaction between predator and prey is crucial in 
determining ingestion rate. 
2.6 Selective feeding 
When given a choice of alternate prey, switching permits a predator to 
alter its functional response to the prey in low abundance and feed more 
effectively on the prey in greater abundance (Holling, 1959). Selective feeding 
experiments can be carried out on prey types of a different nature, but in this 
section, focus will be given to selective feeding by crustacean zooplankton 
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between animal and plant food. The degree of switching by a predator depends 
on the flexibility of its diet. On the other hand, the switching behaviour of an 
animal reveals information on its dietary habits. For instance, Lonsdale et al 
(1979) demonstrated that the copepod, Acartia tonsa, was an obligate carnivore. 
Predation rates on copepod nauplii {A. tonsa and Scottolana canadensis) were not 
affected by the presence of an alternate algal food, Pseudoisochrysis sp. In 
contrast, another copepod, Calanus pacificus, displayed an omnivorous feeding 
response when fed mixtures of diatom {Thalassiosim fluviatilis) and copepod 
nauplii {Calanus pacificus) (Landry, 1981). The animals increased their feeding 
rates on one type of food when the relative abundance of the the other food 
item decreased. In another study, omnivorous feeding was demonstrated in the 
Antarctic krill, Euphausia superba, which is generally considered to be a 
herbivore (Price et al, 1988). When given a mixture of copepods (Metridia 
gerlachei) and algae {Thalassiosira sp.), the krills exhibited omnivorous feeding 
behaviour with the clearance rates on the copepods higher than when copepods 
were given alone. The authors believe that the presence of algae stimulated the 
swimming movement of the feeding appendages of the krill. As a result, the 
encounter rates with the copepod prey increased. Hence, prey interaction will 
also affect the selective feeding behaviour of an animal. It must be pointed out 
that all the examples mentioned are based on adult crustaceans. Studies on the 
omnivorous feeding behaviour of crustacean larvae are rare. Emmerson (1984) 
and Kurmaly et al (1989) have studied omnivorous feeding behaviour in penaeid 
larvae, but no generalization on selectivity can be made because the animal and 
algal prey were given to the predators separately. 
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Fig. 2.1: Shape of hypothetical functional response curves expressed in 
ingestion rate against prey density change. Adapted and modified 
from Valiela (1984). 
Fig. 2.2: Shape of hypothetical functional response curves expressed in 
clearance rate against prey density change. Adapted and modified 
from Valiela (1984). 
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CHAPTER 3 
LARVAL DEVELOPMENT OF Metapenaeus ensis 
3.1 Introduction 
Detailed studies of the external morphological changes of larval decapod 
crustaceans facilitate species identification of larvae and shed light on the 
functions of various appendages during development. Many studies have been 
carried out on the morphological development of penaeid larvae. These include 
studies on Penaeus aztecus by Cook and Murphy (1971), on Parapenaeopsis 
stylifera, Metapenaeus monocems，Metapenaeus affinis，Metapenaeus dobsoni, and 
Penaeus indicus by Rao (1973), on Penaeus esculentus by Fielder et al (1975), on 
Penaeus monodon by Motoh (1979), on Penaeus semisulcatus by Hassan (1982), 
on Penaeus stylirostris by Kitani (1986a), on Penaeus vannamei by Kitani (1986b), 
and on Penaeus aztecus by Kitani (1986c). However, no detailed study has been 
conducted on Metapenaeus ensis, an important commercial shrimp found in Hong 
Kong. Ong (1969)，Tseng et al (1979) and Chan (1984) have made general 
descriptions of the larval development of M. ensis, but no detailed description of 
the appendages of the shrimp larvae was made. Among these three studies, Ong 
(1969) reported four, while Tseng et al (1979) and Chan (1984) reported six, 
naupliar instars for M. ensis. To make matters more complicated, several 
authors have reported three instars for other species of Metapenaeus (Gumey, 
1927; Menon, 1951). In comparison, six naupliar instars were usually reported 
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for species oiPenaeus (Kitani, 1986a, b). Thus, there is a necessity to clarify the 
external morphological changes of M. ensis during its development. As the 
feeding habit of the early life history stages of penaeid shrimps might undergo 
changes during development, relations may be found between the sequential 
morphological changes in the feeding appendages of the shrimp and its feeding 
habit. 
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3.2 Materials and Methods 
3.2.1 Animals 
Between April and September, 1990，gravid M. ensis females were bought 
from local fish markets and transported to the laboratory. The spawners were 
individually held in 500-1 fibreglass tanks containing well-aerated seawater. 
Twenty to 40 ppm disodium salt of ethylene-diamino tetra-acetic acid (EDTA) 
were added to the water to chelate the heavy metal ions. Spawning usually took 
place at night and each spawner produced as many as 2 to 3 xlO^ eggs. Spent 
spawners were removed to avoid a second spawning in the same tank. At 26 ° 
to 28 OQ non-feeding nauplii generally emerged within 24 h after spawning. 
About 48 h after the nauplii emerged and before the nauplii had moulted 
to the first protozoeal instar, the animals were tranferred to 500-1 indoor tanks 
at a density of 200 to 300 larvae.r\ Before stocking, the tank was filled with 20 
；im-filtered seawater with 20 to 40 ppm of EDTA. The diatom, Chaetoceros 
gracilis，was added, at 0.8 to 3.6 x 10^  cells ml"^  to ensure the presence of food 
when the nauplii moulted to the feeding instar of PZI. Water temperature was 
maintained between 26 ° and 28 with a 16:8 light-dark cycle. Salinity of water 
ranged from 29 to 35 °/oo. Half of the water in the rearing tank was changed 
every 48 h. From Mill onwards, freshly hatched Artemia nauplii, at a density of 
200 to 400 ind.r\ were added to the rearing tank to feed the larvae. Rearing 
terminated after the shrimps have developed to postlarva of nine days. 
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Animals for feeding experiments (Chapter 4 and 5) and for morphological 
observations were from the same rearing tanks, and thus exposed to the same 
rearing conditions. 
3.2.2 Collection of specimens 
Morphological observations were made on all larval instars (NI-IV, PZI-
III，and MI-III) and on first postlarvae (PLI). Animals reaching each larval 
instar were collected by dip net for study. Morphological description of each 
developmental stage was based on observation of at least 10 animals. 
3.2.3 Preparation for scanning electron microscopy 
Specimens for scanning electron microscopy (SEM) were fixed in 3% 
glutaraldehyde and 3.3% formaldehyde in 0.2M sodium cacodylate buffer at 
room temperature for 4 to 7 h, depending on the size of the animals. The buffer 
contained a balanced salt solution of l.Omg.mH CaCl� (Karnovsky, 1965). 
Postfixation in OSO4 was found to be unnecessary. After fixation, the specimens 
were rinsed in cacodylate buffer and dehydrated through a graded 100% ethanol 
series. Dehydrated specimens were critical-point dried by CO2, mounted on 
metallic stubs, coated with gold in an Edwards S150B Sputter Coater, and 
observed with a Jeol JSM-35 Scanning Electron Microscope at an accelerating 
voltage of 15KV. 
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3.2.4 Preparation for light microscopy 
Fresh specimens were dissected for observations under the light 
microscope. Occasionally, specimens prepared for scanning electron microscopy 
observation were also dissected for confirmation of some features. Specimens 
were dissected under a Nikon dissecting microscope and detailed observations 
were made using a Leitz inverted microscope. A drawing tube mounted on a 
Nikon light microscope was used to prepare drawings. A micrometer eyepiece 
was used for length measurement. Measurements were made according to the 
definitions adopted by Motoh (1979). The total length of a larva was taken from 
the tip of rostrum，if present, to the hind end of telson excluding the furcal 
spines. Carapace length was measured from the tip of rostrum, if present, to the 




The six naupliar instars of M ensis are shown in Fig. 3.1. The nauplii of 
M ensis are non-feeding (Ong, 1969). Their bodies are basically pyriform in 
shape. A single ocellus is situated at the anterior end while the labmm is on the 
ventral side of the body. All naupliar instars bear three pairs of ventrally located 
appendages, namely, the first antennae, the second antennae and the mandibles. 
The first antenna (Fig. 3.2) is uniramous while the second antenna (Fig. 3.3) and 
the mandible (Fig. 3.4) are biramous. The mandible, although present, does not 
function in feeding. Through the six naupliar instars, the three appendages show 
high consistency in their morphology with only slight changes in the number of 
setae borne. Setal formulae of all the appendages of the six naupliar stages are 
shown in Table 3.1. 
Nauplius I (Fig. 3.1 A) 
The body is ovoid in shape with a relatively enlarged anterior half. The 
rounded posterior tip bears a pair of furcal spines. A small protuberance, which 
is seen on the dorsal side, is retained in the subsequent instars. A small dorso-
median spine is observed on the posterior dorsal surface of the body, but this 
spine disappears from Nil onwards. All setae on the appendages are naked, in 
contrast to the plumose setae of the later instars. 
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The first antenna (Fig. 3.2A) bears five setae, two on the inner side, two terminal 
and one on the outer side. 
The endopod of the second antenna (Fig. 3.3A) bears two setae on the inner side 
and two at the distal end. The exopod bears three setae on the inner side and 
two at the distal end. 
The mandible (Fig. 3.4A) bears three terminal setae on both the exopod and the 
endopod. 
Nauplius II (Fig. 3.1B) 
The body shape closely resembles that of NI，but with a slightly flattened 
posterior tip. The animal still bears one pair of furcal spines which were 
stronger and more outward pointing. 
’ The first antenna (Fig. 3.2B) bears three terminal setae with the middle one 
being plumose. One short seta is added to the outer side. All setae on the first 
antenna, except the mid-terminal one, are naked. 
Two short naked setae are added to the second antenna (Fig. 3.3B), one at the 
terminal of the endopod and another at the terminal of the exopod. The long 
setae on the second antenna are plumose. 
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The mandible (Fig. 3.4B) is similar to that of NI except that all setae become 
plumose. 
Nauplius III (Fig. 3.1C) 
The body shape is similar to the two preceding instars with an even more 
flattened posterior tip, from which three pairs of furcal spines are placed in a 
3+3 manner. The middle pair of spines are much longer and stouter than the 
other two. 
One naked seta is added to the inner side of the first antenna (Fig. 3.2C) making 
a total of three setae. Two setae at the terminal are plumose, instead of one in 
NIL 
The second antenna (Fig. 3.3C) has one plumose seta added to the terminal of 
the exopod. 
The basal part of the mandible (Fig. 3.4C) is slightly swollen. 
Nauplius IV (Fig. 3.ID) 
There is a median notch at the posterior tip and the posterior part is now 
slightly bifurcated, bearing four pairs of furcal spines in a 4 + 4 manner. The 
third pair of furcal spines, counting from the outside, is the longest. Three pairs 
of rudimentary appendages appear on the ventral side posterior to the labrum. 
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The first antenna (Fig. 3.2D) has the same number of setae as that of NIIL The 
inner terminal seta are elongated. 
The second antenna (Fig. 3.3D) has one short naked seta added to the inner 
proximal side of the exopod. The terminal naked seta on the endopod becomes 
plumose. 
The swelling at the basal part of the mandible (Fig. 3.4D) is more prominent. 
Nauplius V (Fig. 3.IE) 
The body is less ovoid in shape with a more slender posterior half and a 
bifurcated posterior tip. The number of furcal spines has increased to six pairs 
in a 6 + 6 manner. The fourth pair of spines, counting from the outside, are the 
longest. The rudimentary ventral appendages are more promiment with four 
pairs of biramous appendages clearly seen. 
The first antenna (Fig. 3.2E) has the same setal formula as that of NIV. One 
naked seta on the inner side turns plumose. 
The endopod of the second antenna (Fig. 3.3E) now bears four terminal setae, 
three plumose and one naked. 
Swelling at the base of the mandible (Fig. 3.4E) perpetuates. 
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Nauplius VI (Fig. 3. IF) 
Body length increases considerably because of a marked elongation of the 
posterior half of the body. The posterior tip is deeply bifurcated, bearing seven 
pairs of furcal spines in a 7 + 7 manner. The longest pair of spines are the fourth 
pair. The four pairs of rudimentary ventral appendages show more advanced 
development, with setae present at the tips. A rudimentary carapace, originated 
from the location of the dorsal protuberance, is seen covering the anterior dorsal 
half of the animal. 
The first antenna (Fig. 3.2F) has two setae added to the inner side, one added 
to the terminal, and one added to the outer side. All new setae are naked. 
The second antenna (Fig. 3.3F) has two setae added to the inner side of the 
endopod. The exopod bears seven long plumose setae and four short naked 
setae. All new setae are naked. 
The swollen base of the mandible (Fig. 3.4F) is most prominent at this stage, 
with a further development of some teeth-like outgrowths. 
3.3.2 PROTOZOEA 
The three protozoeal instars are shown in Fig. 3.5. The body of protozoea 
has changed from an ovoid shape in the nauplius to a much elongated shape and 
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can be divided into anterior and posterior portion. The anterior portion is 
covered by a carapace. The narrow, elongated posterior portion is divided into 
many thoracic and abdominal segments. The mandibles are a paired structure 
with masticating surfaces placing at right angle to the body axis. All three 
protozoeal instars have two pairs of antennae, one pair of mandibles, two pairs 
of maxillae, two pairs of maxillipeds, a rudimentary pair of the third maxilliped, 
and a telson. The pereiopods begin to appear in PZII as undifferentiated buds. 
No abdominal appendages are present. Like nauplius VI，the furcal spine 
formula is 7 + 7. The setal formulae of the appendages of the three protozoeal 
instars are shown in Table 3.2. 
Protozoea I (Fig. 3.5A) 
No rostrum and compound eyes are found in this instar. The anterior 
portion of the body, where most appendages are found, is covered with a 
carapace. Posterior to the rudimentary third maxilliped, nine body segments, 
including the telson, can be distinguished. 
The first antenna (Fig. 3.7A) is divided into three segments: endopod, basis, and 
coxa. The coxa is further divided into four articulations with the inner side of 
the most distal articulation bearing a seta. The basis bears one seta on the mid-
portion of the inner side and two setae, one long and one short, on the inner 
distal margin. On the outer side of the basis, one seta at the distal end is 
present. The endopod bears five setae at the tip, with the middle one being 
especially long and thick. One seta is borne on the mid-portion of the endopod 
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on the outer side. All setae of the first antenna are naked. 
The second antenna (Fig. 3.8A) is composed of a two-segmented protopod, a 
two-segmented endopod, and a ten-segmented exopod. The protopod has one 
naked seta on the inner side at the junction with the endopod. The proximal 
segment of the endopod bears two setae on the inner mid-portion, one naked 
and one plumose, and three plumose setae at the inner distal end. Five setae 
are borne at the terminal of the distal segment of the endopod, four plumose 
and the innermost one naked. The exopod bears seven setae on the inner side, 
three on the terminal segment, and two on the outer side. The seven setae on 
the inner side are each borne on the third to nineth segments from the base. 
The two outer setae are found on the third and fifth segments. All setae on the 
exopod of the second antenna are plumose. 
The mandibles (Fig. 3.9A) has lost its exopod and endopod. Each of the paired 
appendages is divided into the ventral incisor process with long serrated teeth 
and the dorsal molar process with rows of small grinding teeth. The mandibles 
of PZI have one prominent tooth on the right incisor process and two on the left. 
The first maxilla (Fig. 3.10A) has an unsegmented protopod with two lobes: coxal 
endite and basal endite; a three-segmented endopod and a small knoblike 
exopod. The coxal endite has seven setae, five plumodenticulate in the middle, 
flanking by two plumose. The basal endite bears four cuspidate setae. The 
setae of the three-segmented endopod are all on the inner side with setal 
formula progressing distally of 3 + 2+5. All setae on the endopod are plumose, 
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and among them, four are relatively coarser and thicker. These four setae are 
arranged in the setal formula progressing distally of 2+1 + 1. The rudimentary 
exopod bears four densely plumose setae on the outer side. 
The second maxilla (Fig. 3.11 A) has an unsegmented protopod bearing five 
lobes, a four-segmented endopod, and a small knoblike scaphognathite. The 
scaphognathite is a flat structure formed by the fusion of endopodite and 
epipodite (Factor, 1978). The setae of the protopod are borne on the inner side. 
They are arranged roughly in three rows from the dorsal to the ventral end. 
Setal formulae from the dorsal to the ventral end are 2+1 + 1 + 1 + 1， 
1 + 1 + 1 + 2+1，and 5 + 1 + 2 + 2+1 from the proximal to the distal lobe. Hence, 
the composite setal formula of the five protopod lobes is 8 + 3 + 4 + 4 + 3. All the 
setae on the protopod are plumose, with the middle row having coarser and 
more sparsely plumose setae than the other two rows. The setae of the four 
endopod segments are all plumose and are located on the inner and distal sides 
with setal formula progressing distally of 2 + 2+2 + 3. The scaphognathite bears 
five setae that are relatively more densely plumose than the endopod and 
protopod setae. 
The biramous first maxilliped (Fig. 3.12A) consists of a two-segmented protopod, 
a four-segmented endopod and an unsegmented exopod. The protopod bears 
five setae on the coxa and twelve setae on the basis. All seventeen setae are on 
the inner side. The four segments of the endopod bear setae on the inner and 
terminal side and have a setal formula of 3 + 2+2 + 5 when progressing distally. 
The exopod has seven setae, one on the inner side, two terminal, and four on the 
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outer side. All setae on the first maxilliped are plumose. Setae of the exopod 
are more densely plumose than those of the protopod and endopod. 
The second maxilliped (Fig. 3.13A) is structurally similar to the first maxilliped 
with a two-segmented protopod, a four-segmented endopod, and an unsegmented 
exopod. The protopod bears two setae on the coxa and six setae on the basis. 
All setae are on the inner side. The setal formula of the endopod segments is 
2 + 2 + 2 + 5, with setae on the inner and terminal side. Among the five terminal 
setae of the endopod, four are naked and one is plumose. The exopod carries 
six setae, one on the inner side, two terminal, and three on the outer side. Like 
the first maxilliped, setae of the exopod are the more densely plumose than 
those of the protopod and endopod. 
The third maxilliped (Fig. 3.14A) is rudimentary in PZI. However, it can still be 
seen to be biramous, bearing two small plumose setae on the outer lobe. 
The telson (Fig. 3.18A) resembles that of NIV but is much elongated. It is 
deeply bifurcated and bears 7 + 7 furcal spines at the posterior tips. The fourth 
pair of spines is the longest. The naked outermost (first) pair of spines is 
located more anterior to the other six pairs, all of which are plumose. All other 
setae are plumose. 
Protozoea II (Fig. 3.5B) 
This instar can be distinguished from PZI by the appearance of a rostrum 
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and a pair of stalked compound eyes. Flanking the rostrum are a pair of 
bifurcated supra-orbital spines. Posterior to the third maxilliped are five thoracic 
and six abdominal segments including the telson. The thoracic segments can be 
distinguished from the abdominal segments by the presence of undifferentiated 
pereopods in the former (Plate 3.1). Segmentation and setal formulae of the 
appendages of PZII are basically similar to those of PZL Slight modifications, 
however, do exist. 
‘ • 
On the outer side of the basis of the first antenna (Fig. 3.7B), three setae instead 
of one in PZI are present at the distal end. On the endopod, two setae are 
located on the outer mid-portion and six setae at the terminal All setae are 
naked. 
The second antenna (Fig. 3.8B) looks exactly the same as that of PZI. 
The mandibles (Fig. 3.9B) bear one prominent tooth on the right incisor process 
and four prominent teeth on the left, one serrated and three not. 
On the first maxilla (Fig. 3.10B), the basal endite of the protopod carries seven 
cuspidate setae, instead of four in PZL Other features remain unchanged. 
For the second maxilla (Fig. 3.11B), the setal formulae of the three rows of setae 
on the lobes of the protopod from the dorsal to the ventral side are 
2+1 + 1+1 + 1，2+1 + 2+2+1，and 6 + 2+2 + 2+1，from the proximal to the distal 
lobe. The composite setal formula of the protopod is hence 10+4 + 5 + 5 + 3. 
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The number of setae on the coxa of the first maxilliped (Fig. 3.12B) has 
increased to eight. 
The second maxilliped (Fig. 3.13B) is structurally similar to that of PZI. 
The third maxilliped (Fig. 3.14B, Plate 3.1) of PZII is longer and carries three 
setae on the outer lobe. 
Undifferentiated pereopods (Plate 3.1) begin to appear in PZII. 
The telson (Fig. 3.18B) is like that in PZI but somewhat larger. 
Protozoea III (Fig. 3.5C) 
The characteristic morphological features of this instar include a pair of 
biramous uropods, a pair of non-bifurcated supra-orbital spines, and the presence 
of numerous abdominal spines. Each of the first five abdominal segments bears 
a dorso-median spine with the fifth segment bearing an additional pair of mid-
lateral spines. The elongated sixth abdominal segment also has a pair of mid-
lateral spines at the junction with the telson. The pair of spines on the sixth 
abdominal segment are shorter than those on the first five abdominal segments. 
The coxa of the first antenna (Fig. 3.7C) has lost two articulations and becomes 
two-segmented. Plumose setae begin to appear on the first antenna in this 
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instar. At its junction with the basis, the coxa has one plumose seta on the outer 
side in addition to the naked seta on the inner side. Two of the five setae of the 
basis located at its junction with the endopod are plumose. The basis appears 
faintly segmented in the middle portion. 
The second antenna (Fig. 3.8C) is basically similar to that in the preceding 
instars with the exception of one more setal outgrowth on the inner side of the 
first segment of the exopod. 
The mandibles (Fig. 3.9C) have two long serrrated teeth on the right incisor 
process and seven prominent teeth on the left, two serrated and five not. 
The basal endite of the protopod of the first maxilla (Fig. 3.IOC) bears nine 
cuspidate setae, two more than in PZIL 
For the second maxilla (Fig. 3.11C), changes occur in the setal formula of the 
protopod. The setal formulae of the three rows of setae on the five lobes of the 
protopod from the dorsal to the ventral side are 3 + 1 + 1 + 1 + 1，2+1 + 3 + 3 + 1， 
and 6 + 2+2 + 2+1, from the proximal lobe of the coxal endite to the distal lobe 
of the basal endite, making up a composite setal formula of 11 + 4 + 6 + 6 + 3 for 
protopod. 
The first maxilliped (Fig. 3.12C) of PZIII differs from that of PZII by having two 
more plumose setae on its exopod, one on the inner side and one on the outer 
side. 
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Two more plumose setae are added to the second maxilliped (Fig. 3.13C). One 
seta is added to the outer side of the exopod and a second seta is added to the 
outer side of the proximal lobe of the endopod. 
The third maxilliped (Fig. 3.14C, Plate 3.2) continues to grow and develop. Two 
naked setae are found at the terminal of the rudimentary inner lobe and three 
plumose setae on the outer lobe, two terminal and one lateral. 
The rudimentary pereopods (Figs. 3.ISA, 3.16A, Plate 3.2) on the thoracic 
segments have become biramous but are still free of setae. 
The most prominent change of the telson (Fig. 3.18C) in PZIII is the appearance 
of a pair of biramous uropods. The uropods flanking the two sides of the telson 
are shorter than the telson and bear six setae on the exopods. The outermost 
and the innermost are naked and the four in the middle are plumose. The four 
in the middle are plumose setae. The endopod has no setae. The telson and 
uropods are separated from the sixth abdominal segment. 
3.3.3 MYSIS 
Drawings of the three mysid instars are shown in Fig. 3.6. From 
protozoea to mysis, the larva undergoes a drastic morphological modification in 
body form (Plate 3.3) and begins to resemble an adult shrimp. The body 
elongates extensively. The carapace also extends posteriorly, covering all the 
thoracic segments, including the five pairs of newly emerged functional 
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pereopods. The non-bifurcated supra-orbital spines in PZIII perpetuate in mysis, 
with a new spine added on each antero-ventral corner of the carapace. The pair 
of mid-lateral spines found on the six abdominal segment of PZIII disppears in 
mysis. However, one ventral-median and one dorso-median spine appear on the 
sixth abdominal segment of mysis. All three mysid instars have two pairs of 
antennae, one pair of mandibles, two pairs of maxillae, three pairs of 
maxillipeds, five pairs of pereopods, and a telson. Five pairs of pleopods appear 
in Mil and further differentiate with development. The furcal spine formula is 
still 7 + 7. The setal formulae of the appendages of the three mysid instars are 
shown in Table 3.2. 
Mysis I (Figs. 3.6A) 
The rostrum of MI bears no teeth, and no pleopods are found on the 
ventral side of the abdominal segments. Most abdominal spines found in PZIII 
disappear in MI except the dorso-median spine on the fifth abdominal segment. 
The first antenna (Fig. 3.7D) consists of a three-segmented protopod (coxa, 
proximal basis and distal basis), a non-segmented rudimentary endopod and a 
non-segmented rudimentary exopod. The coxa, which makes up half the length 
of the first antenna, bears three setae on the inner side, two on the lateral side 
and one at the distal end. A prominent spine is found on the ventromedial 
portion of the coxa. Two minute setae are situated around the rudimentary 
statocyst. At the junction between the coxa and the proximal basis is a ring of 
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short setae. The inner side of the proximal basis bears two setae, one on the 
mid-portion and the another on the distal margin. One seta is found on the 
distal margin on the outer side of the proximal basis. Another ring of short 
setae is found at the junction between the proximal and distal basis. The distal 
basis bears one seta on the inner side and three setae at the distal end. Many 
minute setae are found on the distal margin of the distal basis surrounding the 
endopod. The endopod bears seven aesthetes terminally. Next to the endopod 
is a minute exopod which bears two setae terminally, one plumose and one 
naked. All setae on the first antenna, except the aesthetes on the endopod and 
the minute seta on the exopod, are plumose and are more densely plumose than 
in the protozoeal instars. 
The second antenna (Fig. 3.8D) of mysis is much modified from that in 
protozoea. It consists of a two-segmented protopod, an unsegmented 
scaphocerite, which is a highly modified bladelike exopod (Christiansen and 
Anger, 1990)，and an unsegmented endopod. The protopod bears no setae. The 
scaphocerite is flattened and bears eleven marginal plumose setae. The 
endopod, about three-quarters the length of the scaphocerite, bears three lateral 
and four terminal naked setae. 
The mandibles (Fig. 3.9D) bear three prominent serrated teeth on the right 
incisor process and seven prominent teeth on the left, two serrated and five not. 
The morphology of the first maxilla (Fig. 3.10D) is basically the same as those 
in the protozoeal instars. The coxal endite now bears eight setae, instead of 
seven in protozoeal instars. The new seta is plumodenticulate. The basal endite 
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bears ten cuspidate setae, instead of nine in PZIII. 
The second maxilla (Fig. 3.1 ID) has an enlarged scaphognathite bearing nine 
densely plumose setae, with the most proximal seta the longest. The setal 
formula of the protopod is also slightly modified. Formula for the three rows of 
setae on the five protopod lobes from the dorsal to the ventral side are 
3 + 1 + 1 + 1 + 1，2+2 + 5 + 5 + 1，and 7+2 + 2+2+1，from the proximal lobe of the 
coxal endite to the distal lobe of the basal endite. The new composite setal 
formula is 12 + 5 + 8 + 8 + 3. 
The protopod of the first maxilliped (Fig. 3.12D) elongates disproportionately in 
MI and now constitutes two-third the length of the whole appendage. Like in 
PZIII, the protopod has eight setae on the coxa and twelve on the inner side of 
the basis. A plumose seta is added on the outer distal margin of the basis. The 
most proximal segment of the endopod carries an additional seta on its outer 
distal margin. Four, among the five terminal setae on the endopod have become 
naked. The exopod has seven setae, one on the inner side, four terminal, and 
two on the outer side. The three setae on the lateral sides of the exopod are 
more densely plumose than the other setae. 
The basis of the second maxilliped (Fig. 3.13D) bears nine setae on the inner 
side and yet in some cases, only six setae could be found. One plumose seta is 
added to the outer distal margin of the basis. Setal formula of the endopod is 
3 + 2+2+5 when progressing distally. The second proximal endopod segment of 
the endopod, like the first one, now has one plumose seta added on the outer 
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distal margin. The exopod now bears seven plumose setae, one on the inner 
side, four terminal, and two on the outer side. 
The third maxilliped (Fig. 3.14D) is prominent in mysis. It consists of a two-
segmented protopod making up of a coxa and a basis, a five-segmented endopod 
including, from the distal to the proximal end, dactyl, propus, carpus, merus and 
ischium, and a non-segmented exopod. Among the five segments of the 
endopod, the merus is relatively the longest. The basis bears one naked seta on 
the inner lateral side and two setae, one naked and one plumose, on the inner 
distal margin. The setal formula of the endopod when progressing distally is 
2+1 + 0 + 2 + 5. Among the five terminal setae on the endopod, one is located 
slightly to the outer lateral side. One naked seta is found on the outer distal 
margin of each of the merus, the carpus and the propodus. Most setae on the 
endopod are naked. The exopod bears six plumose setae, four terminal and one 
on each lateral side. 
For the five pairs of pereopods of the mysis and the early postlarvae, the 
endopods of the first three pairs are chelate and are morphologically similar. 
The presence of chelae differentiates them from the fourth and fifth pairs of 
pereopods, which bear no chelae. Thus, in the following description of the 
morphology of the pereopods, the third and the fifth pairs of pereopods will be 
used to represent the two different groups of pereopods. 
The third pereopod (Fig. 3.15B) of MI has a two-segmented protopod bearing 
no setae, a relatively shorter unsegmented endopod bearing three terminal 
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plumose setae, and a relatively longer unsegmented exopod bearing eight 
plumose setae, four terminal and two on each lateral side. Among these eight 
setae, the one on the inner lateral side is the shortest and most sparsely plumose. 
The endopod is indistinctly chelate (Plate 3.4). 
The fifth pereopod (Fig. 3.16B) resembles the third pereopod in having a two-
segmented protopod bearing no setae, a relatively shorter endopod bearing three 
plumose setae, and a relatively longer exopod bearing eight plumose setae, four 
terminal and two on each lateral side. Like the third pereopod, the seta on the 
inner lateral side of the exopod is especially short and sparsely plumose. 
Pleopods are absent in ML 
The protopod of the uropod (Fig. 3.18D) is unsegmented and armed with a 
postero-ventral and a posterolateral spines. The unsegmented exopod bears one 
posterolateral spine and twelve marginal plumose setae The unsegmented 
endopod bears ten marginal plumose setae. The telson of MI is more elongated 
when compared to that in PZIIL Its width increases gradually from the anterior 
to the posterior end. The furcal spine formula is still 7+7 with the outermost 
pair of spine now placing laterally. The fourth pair of spines is still the longest. 
All furcal spines, except the laterally placed pair which is naked, are 
plumodenticulate. A deep median notch is present on the telson. 
Mysis II (Fig. 3.6B) 
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The rostrum bears two forward-pointing rostral teeth on the dorsal side. 
A pair of hepatic spines first appear on the carapace, one on each lateral side. 
Rudimentary pleopods appear on the ventral side of the first five abdominal 
segments. The dorso-median spine on the fifth abdominal segment remains. 
Morphology of the first antenna (Fig. 3.7E) is similar to that of MI, but the 
statocyst is more prominent. The coxa now bears four setae on the inner side, 
three lateral and one at the distal end. On the outer distal corner, a small spine 
is present. On the outer lateral side, four plumose setae are present, one near 
the distal end and three near the proximal end. The three setae are found next 
to the statocyst. On the outer side of the proximal basis, three setae are present, 
one on the distal margin and two on the lateral surface. The distal basis bears 
six setae from the inner to the distal margin. The endopod bears seven aesthetes 
terminally. The three rings of setae at the segment junctions show a clear 
increase in setal number and setal length. 
The protopod of the second antenna (Fig. 3.8E) bears one spine on the distal 
‘segment next to the endopod. The scaphocerite bears sixteen setae from the 
inner to the distal margin. A newly formed spine is found on the outer-distal 
corner of the scaphocerite. The endopod is now only half the length of the 
scaphocerite and carries no setae. 
The mandibles (Fig. 3.9E) bear two prominent serrrated teeth on the right 
incisor process and eight prominent teeth on the left, three serrated and five not. 
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The most prominent change of the first maxilla (Fig. 3.10E) in Mil is the 
disappearance of the exopod. Furthermore, the number of setae on the basal 
endite of the protopod has increased to eleven. 
The scaphognathite of the second maxilla (Fig. 3.1 IE) is further enlarged and 
bears thirteen plumose setae. Setal formula of the row of setae on the ventral 
side of the protopod is modified to 7+2+1 + 1 + 1, a reduction of two setae from 
MI, and the new composite setal formula progressing distally is 12+5 + 7 + 7+3. 
One sparsely plumose seta is present on the outer side of the protopod at the 
distal junction of the scaphognathite. 
The protopod of the first maxilliped (Fig. 3.12E) bears nine setae on the coxa 
and fifteen on the basis. One of the four naked terminal setae of the endopod 
found in MI is now weakly plumose. All setae of the exopod are more densely 
plumose than those of the endopod and the protopod. 
The second maxilliped (Fig. 3.13E) is much different from that of ML The 
endopod now bears five segments and the setal formula of the setae on the inner 
side is 3 + 2 + 0 + 2 + 5 progressing distally. One seta is found on the outer distal 
margin of ischium, merus，carpus and dactyl. The exopod bears four terminal 
setae and one on the outer lateral side. All setae on the second maxilliped are 
plumose. 
For the third maxilliped (Fig. 3.14E), the setal formula of the setae on the inner 
and distal margin of the endopod is modified to 2+1+1 + 2+5 progressing 
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distally. On the outer distal margin, one, two and two setae are borne on the 
mems, the carpus and the propodus, respectively. Most naked setae on the third 
maxilliped of MI become plumose or weakly plumodenticulate in MIL 
The protopod of the third pereopod (Fig. 3.15C) bears one naked seta on the 
inner lateral side of the basis. The endopod is more distinctly chelate (Plate 3.5) 
and is divided into three segments. The second segment bears one naked seta 
each on the inner and outer distal margin. The distal segment of the endopod 
can be seen to be divided into an inner propodus and an outer dactyl, bearing 
one naked and three plumose setae, respectively. 
The endopod of the fifth pereopod (Fig. 3.16C) has two segments. One plumose 
seta is borne on each side of the distal margin of the proximal segment. 
The exopod of the uropod (Fig. 3.18E) bears one posterolateral spine and 
fourteen marginal plumose setae. The endopod bears twelve marginal setae. A 
minute spine is present on the inner proximal margin of the endopod. Unlike 
MI, the telson of Mil has roughly equal width from the anterior to the posterior 
end. Five pairs of plumodenticulate terminal spines and two pairs of naked 
lateral spines are present. The median notch is reduced to a minute cleft. 
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Mysis III (Figs. 3.6C) 
As in Mil, the rostrum bears two rostral teeth. The pleopods are now 
bisegmented. The dorso-median spine of the fifth abdominal segment, although 
exist, is reduced in size. 
The first antenna (Fig. 3.7F) of Mill is basically very similar in morphology to 
those of the former two mysid instars except that the statocyst becomes very 
prominent. The coxa now bears six setae on the inner lateral side: five distal 
and one proximal. On the outer lateral side, two setae are present. Three setae 
are found on the outer lateral side and one on the outer distal margin of the 
proximal basis. The endopod bears nine aesthetes terminally and the exopod, 
which has become longer than the endopod，also bears three setae terminally, 
two naked and one long plumose. 
The scaphocerite of the second antenna (Fig. 3.8F) bears twenty-two setae from 
the inner to the distal margin. Several minute naked setae are found on the 
scaphocerite surface. The endopod is two-segmented and is about three-quarter 
the length of the scaphocerite�The proximal segment of the endopod has two 
naked setae on the inner distal margin. The distal segment of the endopod bears 
two naked setae on the inner lateral side and three naked setae at the terminal 
end. 
The mandibles (Fig. 3.9F) of Mill are morphologically similar to those of MIL 
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The first maxilla (Fig. 3.10F) is basically similar to that of Mil with the exception 
of having the setae on coxal endite become naked. 
The second maxilla (Fig. 3.1 IF) also model after that of Mil with the exception 
that the scaphognathite is further enlarged and carries fifteen plumose setae. 
The first maxilliped (Fig. 3.12F) differs from that of Mil by having seven setae 
borne on inner side of the coxa. 
The coxa of the second maxilliped (Fig. 3.13F) bears only one seta in Mill and 
the single seta on the outer lateral side of the exopod is now naked. 
The third maxilliped (Fig. 3.14F) is the same as that of MIL 
The endopod of the third pereopod (Fig. 3.15D) consists of five segments. The 
ischium bears one plumose seta on the inner distal margin and the mems bears 
another on the outer distal margin. Two naked setae are borne on the outer 
n . 
distal margin of the carpus. The two distal segments, dactyl and propodus, are 
modified distinctly into a chela (Plate 3.6). The chela bears four naked setae, 
one at the dactyl tip and three around the junction between the dactyl and the 
propodus. 
The protopod of the fifth pereopod (Fig. 3.16D) now bears one naked seta on 
the inner lateral side of the basis. The endopod becomes markedly elongated 
and consists of five segments. One naked seta is borne on the inner distal 
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margin of ischium. On the outer distal margin, one plumose seta, one naked 
seta, and two naked setae are found on the mems, the carpus, and propodus, 
respectively. The dactyl bears one naked seta terminally. 
The pleopod (Fig. 3.17A) is now bi-segmented, with the distal segment much 
longer than the proximal one. Setae are absent. 
Both the endopod and exopod of the uropod (Fig. 3.18F) bear seventeen 
plumose setae. The telson becomes narrower and longer than in M IL I t has five 
pairs of spines at the posterior end and two pairs on the lateral side. Only the 
inner four pairs of furcal spines are plumdenticulate, the other three pairs are 
naked. The median cleft has disappeared and the posterior end of the telson is 
clearly convex in shape. 
3.3.4 POSTLARVA 
。 After the mysid instars, the larval development of the shrimp is completed 
and the animal begins to resemble an adult shrimp (Plate 3.7). First postlarval 
instar (PLI) is described to illustrate the morphological differences between 
postlarval shrimp and mysis。 
Postlarva I (Fig. 3.6D) 
The pleopods now bear setae. The dorso-median spine of the fifth 
abdominal segment has disappeared. Rostral tooth number remains to be two, 
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compares to six in adult shrimp (Yu and Chan, 1986). 
The setae number of the first antenna (Fig. 3.7G) of PLI increases tremendously. 
The coxa bears ten plumose setae on the inner lateral side and eight on the 
outer lateral side. Three more plumose setae are present on the dorso-distal 
surface of the coxa. The statocyst is very prominent and next to it, clustering in 
a crest, are six plumose setae, one long and five short. Flanking proximally the 
outer lateral margin of the coxa, are two setae, one plumose and one naked. 
One seta is added on the outer lateral side of the proximal basis, making a total 
of five setae, including the one on the outer distal margin. The exopod now 
bears five setae terminally, four naked and one long plumose. 
The basis of the protopod of the second antenna (Fig. 3.8G) now bears two 
naked setae, one on the inner lateral side and one on the outer distal margin。 
The scaphocerite bears twenty-five setae from the inner to the distal margin. 
The endopod, now consists of five segments, is about the same length as the 
scaphocerite. The ischium of the endopod bears three setae on the inner distal 
margin. The carpus bears one seta on the inner mid-lateral side and three at the 
carpus-propodus junction. The propodus bears three setae at the propodus-
dactyl junction. The dactyl bears seven setae terminally. A l l setae on the 
endopod are naked. 
The mandibles (Fig. 3.9G) bear three long serrated teeth on the right incisor 
process，compared to only two in M i l l . On the left side, eleven prominent teeth 
are found, three serrated and eight not. 
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The first maxilla (Fig. 3.10G) is rather similar to that in M i l l . 
The scaphognathite of the second maxilla (Fig. 3.11G) further enlarges and bears 
twenty-six plumose setae. Setal formula of the ventral row of setae on the 
protopod is modified to 8 + 2 + 1 + 1+1 and the new composite setal formula 
progressing distally is 13 + 5 + 7 + 7 + 3. 
The first maxilliped (Fig. 3.12G) bears ten setae on the coxa and nineteen setae 
on the basis. The single seta on the outer distal margin of the basis and that of 
the most proximal segment of the endopod disappear in PLI. 
The second maxilliped (Fig. 3.13G) is different from that of M i l l only by the 
disappearance of the single seta on the coxa. 
The third maxilliped (Fig. 3.14G) has two new setae on the outer distal margin 
of the ischium and one on the outer mid-lateral side of the menis. 
The third pereopod (Fig. 3.15G) now is very distinctly chelate (Plate 3.8) and has 
one seta on the coxa and two on the basis. The terminal seta of the dactyl 
disappears, replaced by several minute setae. These minute setae are also 
present at the tip of the propodus. A l l setae on the endopod are naked while 
those on the exopod are all plumose. 
The basis of the fifth pereopod (Fig. 3.16E) bears one more seta on the inner 
distal margin. The carpus of the endopod bears two setae on the outer distal 
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margin, instead of one in M i l l . The terminal seta of the dactyl has disappeared. 
Like the third pereopod, setae on the endopod are all naked while setae on the 
exopod are all plumose. 
The pleopod (Fig. 3.17B) now bears eight plumose setae distally: two outer 
lateral, two inner lateral and four terminal. 
The uropods and telson (Fig. 3.18G) are very similar to those of M i l l except that 
twenty plumose setae can be found on the endopod. 
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3.4 Discussion 
When comparing the morphological changes during larval development 
of M. ensis with the detailed description on the larval development of 
P, aztecus by Cook and Murphy (1971)，P. indicus by Rao (1973)，P. esculentus 
by Fielder et al (1975), P. monodon by Motoh (1979)，P, semisulcatus by Hassan 
(1982)，P. stylirostris by Kitani (1986a), P. vannamei by Kitani (1986b), P, aztecus 
by Kitani (1986c)，it can be noticed that morphological changes of different 
species of Penaeus are basically similar to one another and to M. ensis. When 
comparing the size of the larvae, Penaeus are generally as large as or larger than 
M. ensis. 
Among previous studies on the sequential morphological changes of the 
developmental stages of penaeid, only Ong (1969) and Chan (1984) studied M 
ensh. Unfortunately, because both authors did not provide a very detailed 
description on the morphology of the appendages, comparison is impossible. 
However, with the limited amount of information available, it can still be 
concluded that the morphological characters of the larval stages of M. ensis 
recorded in the present study are basically similar to those recorded by Ong 
(1969) and Chan (1984), with the following exceptions. First, only four naupliar 
instars are recorded by Ong (1969)，in contrast to six in the present study. 
Second, segmentation of the first and the second antennae appears in N V I 
according to Ong (1969)，while segmentation occurs in PZI in the present study. 
The two differences recorded should be treated separately. The second 
difference is only a minor one and could be the result of local variation or 
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difference in the judgment of the observer. On the other hand, the first one is 
worth further discussion because the difference is not in a single character but 
in the number of larval instar. Ong (1969) found that N I bears one pair of furcal 
spines, N i l bears three pairs, N I I I bears six pairs, and N V I bears seven pairs. 
According to his description, these four instars should be analogous to NI, NI I I , 
NV, and NVI, respectively, in the present study. Ong (1969) confused N I with 
N i l probably because they both bear one pair of furcal spines. He failed to 
distinguish between N I I I from NIV possibly because the fourth pair of newly 
grown furcal spines on N IV are minute and could be easily overlooked. 
Chan (1984) gave a very general description on progressive changes in the 
morphology and setae number of the various appendages of M ensis, but the 
numbers of segments and setae in many appendages were generally less than 
those recorded in the present study. This may simply be due to the carelessness 
of the author by overlooking many minute segments and setae. 
Unt i l recently, M. ensis has been frequently confused by some 
investigators with Metapenaeus monoceros’ a closely related species (Yu and 
Chan, 1986). Thus, a comparison of the morphological development of the 
appendages in the larval stages of these two shrimp is attempted to provide a 
guide to distinguish the two species. The morphology of the early stages of M. 
monoceros was described by Rao (1973). Unfortunately, he did not describe the 
naupliar and protozoeal instars so that no comparison on these stages can be 
made. For myses and postlarvae, since comparisons can only be made on those 
features recorded in both studies, this comparison cannot be a thorough one. 
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Differences in the morphological characters of the mysid instars and early 
postlarvae of M. ensis and M. monoceros are listed below. 
M I 
(1) The endopod of the second antenna of M monoceros bears two terminal 
setae, comparing to three inner and three terminal setae in M. ensis. 
(2) The scaphocerite of the second antenna bears nine setae in M. 
monoceros, in contrast to eleven in M. ensis. 
(3) The first maxilla of M monoceros has four terminal setae on the 
endopod. For M. ensis, five terminal setae are found. 
(4) The scaphognathite of the second maxilla bears seven setae in M. 
monoceros, while the number of setae in M. ensis is nine. 
(5) The endopod of the second maxilliped is five-segmented for M 
monoceros, in contrast to a four-segmented endopod in M. ensis, 
(6) The endopod of the uropod bears eleven to twelve setae in M. 
monoceros, while that of M. ensis bears only ten. 
M i l 
(1) The rostrum of M. monoceros bears only one rostral tooth. That of M. 
ensis carries two. 
(2) The scaphognathite of the second maxilla bears ten setae for M 
monoceros, while that of M. ensis bears thirteen setae. 
(3) The endopod of the uropod of M, monoceros bears fifteen to sixteen 
setae, in contrast to only twelve in M. ensis� 
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M i l l 
(1) A pair of hepatic spines appears in M. monoceros, but this pair of spines 
appears earlier in M. ensis in MIL 
(2) The scaphocerite of the M. monoceros bears twenty-one setae, 
comparing to twenty-two in M. ensis, 
(3) The second maxilla bears twelve to thirteen setae on the scaphognathite 
of M. monoceros, in contrast to fifteen for M. ensis. 
For postlarvae, comparison is made between the day one postlarva (PLI ) 
of M. monoceros with the first postlarval instar (PLI) of M. ensis. The exopod 
of the pereopod disappears in M monoceros, but is still a prominent feature in 
the postlarva of M. ensis. 
Besides making comparison with earlier studies to allow more accurate 
identification of the larval stages of M ensis, sequential changes in appendage 
morphology during development is worth studying on a functional basis. A 
reasonable assumption is that many of the sequential changes in morphology are 
closely related to changes in the feeding behaviour during early life history 
development. 
The most important pair of appendage for food mastication is the 
mandibles. Hence, during naupliar instars when the mandibles are for 
locomotion rather than for feeding, the animals are non-feeding. 
Upon reaching protozoea, the shrimp enters its feeding mode. The 
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mandible is now bladelike and functional in mastication. The shrimp also bears 
two pairs of antennae, two pairs of maxillae, two pairs of functional maxillipeds, 
and one pair of rudimentary maxilliped. Among these, the second antenna, the 
first and the second maxilliped are appendages with long and densely plumose 
setae, providing a large surface area for screening out particles. The presence 
of these setae, together with a lack of appendages for grasping, such as chelae, 
support the idea that the protozoeal instars are restricted to suspension feeding. 
Developing from protozoea to mysis, drastic morphological changes occur. 
The body shape of mysis closely resembles that of an adult shrimp. The 
appendages are less outspread but confined to the body axis on the ventral side. 
The second antenna, originally equipped with densely plumose setae, is now 
turned into a large scale-like scaphocerite bearing shorter setae. A l l these 
changes would diminish the suspension-feeding capacity of mysis. Alongside a 
change in feeding habit, the mandibles do not exhibit significant morphological 
modification from protozoea to mysis. Although a third pair of maxilliped and 
five pairs of pereopods become big and functional in mysis, they are only 
sparsely equipped with setae and would not contribute much to screening out 
particles. Morphology of mysis does not show major modifications even after 
entering the early postlarval stage when the animal is clearly predaceous, the 
endopods of the first three pairs of pereopods are becoming distinctly chelate in 
M i l l . Visual observation revealed that the chelate pereopods were commonly 
used by the early postlarvae of M ensis for Artemia nauplii predation. A l l the 
above work up to a scene of a transition in feeding habit from suspension-
feeding to predation along mysis development. 
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Entering the postlarval stage, the animals are already miniature shrimps. 
The chelae of the first three pairs of pereopods are big, strong and functional, 
and the animals become benthic at around the f i f th and sixth days of postlarva 
(Chu and Shing, 1986). 
Hence, it can be inferred from the morphology of the early developmental 
stages of M. ensis that there is a change in feeding preference from herbivorous 
to omnivorous or carnivorous mode during its early larval development. 
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Table 3,1. Metapenaeus ensis. Total length, setal formula and number of furcal spines of the naupliar instars. 
m Nn Nin ^ ^ ^ 
loul teogth (mm) O.STZ +.0.002 0.293 + 0.003 0 J03 ± 0.002 0J29 土 0.002 0J53 +.0.002 0.413 4^0.005 
(Mean 土 SE) ‘ 
n 7 6 6 6 3 52 
rmtioiCTn. 2-2-1 3-^1 
secood tnleoDt 
endopod 2-2-0 2-3-0 2"3"0 i-M) 
exopod 3-2-0 3-W) 3-4^  5-W) 5-M 5-5-1 
maodibks 
eodopod 0-W) 0-3-0 0-3-0 0-3^  0-3-0 0-W) 
exopod 0-3-0 O-J-0 0-3-0 (KM) 0-3-0 0-3-0 
l + J l + l 3+3 4+4 6+6 7+7 
Setal formulae are given in order of inner lateral, terminal, and outer lateral. 
/ . 
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Table 3.2. Metapenaeus ensis. Total length, carapace length and setal formula of the protozoeal, 
the mysid and the first post larva I instars. 
^ ^ PZI" fy {^j MUJ yj 
total length (rnn): 0,828 + 0.007 1.378 + 0,016 2.134 + 0,020 2.620 + 0.021 3.078 + 0.023 3.246 + 0.023 ZA75 + 0.022 (Mean * SE) . 
carapace length (ran): 0.387 + 0.005 0.578 + 0.005 0.755 + 0,005 0.915 + 0.007 0.998 + 0.003 1.026 + 0,007 1,069 + 0,005 (Mean * SE) “ ^ “ 
n 10 10 ]0 ^ ]0 10 10 
first antenna 
protopod 4-0-1 (5) 4-0-3 (5) 4-0-4 (3) 、5-4-3 (3) 6-6-7 (3) 9-6-9 (3) 12-6-21 (3) 
endopod 0-5-1 (1) 0-6-2 (1) 0-6-2 (2) 0-7-0 (1) 0-9-0 <1) 0-9-0 (1) 0-9-0 (1) 
exopod 0-2-0 (1) 0-2-0 (1) 0-5-0 (1) 0-5-0 (1) 
second antenna 
protopod 1-0-0 (2) 1-0-0 (2) 1-0-0 (2) 0-0-0 (2) 0-0-0 (2) 0-0-0 (2) 1-0-1 (2) 
endopod 5-5-0 (2) 5-5-0 (2) 5-5-0 (2) 3-4-0 (1) 0-0-0 (1) 4-3-0 (2) 6-7-2 (5) 
exopod 7-3-2 (10) 7-3-2 (10) 8-5-2 (10) 11 (1) 16 (1) 22 ⑴ 25 (1) 
first maxi Ua 
coxal endite 7-0-0 (1) 7-0-0 (1) 7-0-0 (1) 8-0-0 (1) 8-0-0 (1) 8-0-0 (1) 8-0-0 (1) 
basal endite 4-0-0 <1) 7-0-0 (1) 9-0-0 (1) 10-0-0 (1) 11-0-0 (1) 11-0-0 (1) 11-0-0 (1) 
endopod 5-5-0 (3) 5-5-0 (3) 5-5-0 (3) 5-5-0 (3) 5-5-0 (3) 5-5-0 (3) 5-5-0 (3) 
exopod A (1) 4 (1) A (1) 4 (1) not exist not exist not exist 
second maxi Ua 
protopod 23-0-0 (1) 27-0-0 (1) 30-0-0 (1) 36-0-0 (1) 34-0-1 (1) 34-0-1 (1) 35-0-1 (1) 
endopod 6-3-0 (4) 6-3-0 (A) 6-3-0 (4) 6-3-0 ⑷ 6-3-0 ⑷ 6-3-0 (4) 6-3-0 (A) 
scaphognathite 5 (1) 5 (1) 5 (1) 9 (1) 13 (1) 15 (1) 26 (1) 
first maxiliped 
protopod 17-0-0 (2) 20-0-0 (2) 20-0-0 (2) 20-0-1 (2) 24-0-1 (2) 22-0-1 (2) 29-0-0 (2) 
endopod 7-5-0 (4) 7-5-0 <4) 7-5-0 (4) 7-5-1 (4) 7-5-1 (A) 7-5-1 (4) 7-5-0 (4) 
exopod 1'2'4 (1) 1-2-4 (1) 2-2-5 (1) 1-4-2 (1) 1-4-2 (1) 1-4-2 ⑴ 1-A-2 CD 
second maxiUiped . 
protopod 8-0-0 (2) 8-0-0 <2) 8-0-0 (2) 8Cor11]-0-1 (2) 8-0-1 (2) 7-0-1 (2) 6-0-1 (2) 
endopod 6-5-0 <A) 6-5-0 (4) 6-5-1 (4) 7-5-2 (4) 7-5-A (5) 7-5-4 (5) 7-5-4 (5) 
exopod 1-2-3 (1) 1-2-3 (1) 1-2-4 (1) 1-A-2 (1) O-A-1 (1) 0-4-1 (1) 0-4-1 (1) 
third maxiUiped rudimentary 2 (1) rudimentary 3 (1) rudimentary 5 (1) 
3-0-0 <2) 3-0-0 <2) 3-0-0 (2) 3-0-0 (2) 
5-4-4 (5) 6-4-6 (5) 6-4-6 (5) 6-4-9 (5) 
1-4-1 (1) 1-A-1 (1) 1-4-1 (1) 1-4-1 (1) 
third pereiopod not exist not exist rudimentary 
0-0-0 (2) 1-0-0 (2) 1-0-0 (2) 3-0-0 (2) 
0-3-0 (1) 1-3-2 (3) 1-1-6 (5) 1-0-5 (5) 
e x f — 2-4-2 (1) 2 - W (1) 2-1-2 (1) 2-4-2 (1) 
fith pereiopod not exist not exist rudin^ntary 
0 - 0 - 0 ( 2 ) 0 - 0 - 0 ( 2 ) 1 - 0 - 0 <2) 2 - 0 - 0 ( 2 ) 
0-3-0 (1) 1-3-1 (2) 1-1-4 (5) 1-0-5 (5) 
exopod 2-4-2 (1) 2-4-2 (1) 2-4-2 (1) 2-4-2 (1) 
—— exist not exist not exist not exist undiferentiated 0 (2) Z-A-2 (2) 
lll；^  (furcal spin.) 7+7 7-7 7+7 7今7 7今7 7+7 7.7 
endopod not exist not exist 0 (1) 10 (1) ip 门） i/ m pn 、 丨  exopod 丨 not exist 丨：exist | 6(1) | 丨;；!； 丨丨:；；; 丨;；；； ^ Q) 
Setal formulae are given in the order of inner lateral, terminal, and outer lateral. 
Number in parentheses is the segment number of the appropriate appendage. 
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Fig. 3.1: Metapenaeus ensis: whole animals, ventral views. A, nauplius I ; B, 
nauplius I I ; C, nauplius I I I ; D，nauplius IV ; E, nauplius V ; F, 
nauplius VL Abbreviations are:〇，ocellus; A l , first antenna; A2, 




Fig. 3.2: Metapenaeus ensis: first antennae (right), ventral views. A, nauplius 
I; B, nauplius II; C, nauplius I I I ; D, nauplius IV ; E, nauplius V; F, 
nauplius VI. Scale bar represents 0.1 mm. 
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Fig. 3.3: Metapenaeus ensis: second antennae (right), ventral views. A , 
nauplius I; B, nauplius I I ; C, nauplius I I I ; D, nauplius IV ; E, 
nauplius V; F, nauplius VI. Abbreviations are: END, endopod; 
EXO, exopod. Scale bar represents 0.1 mm. 
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Fig. 3.4: Metapenaeus ensis: mandibles (right), ventral views. A, nauplius I ; 
B, nauplius I I ; C, nauplius I I I ; D，nauplius IV ; E, nauplius V ; F, 
nauplius VL Abbreviations are: END, endopod; EXO, exopod. 
Scale bar represents 0.1 mm. 
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Fig. 3.5: Metapenaeus ensis: whole animals, dorsal views. Most appendages 
are excluded. A, protozoea I; B, protozoea II; C, protozoea I I I . 
Abbreviations are: R, rostrum; SOS, supra-orbital spine; MLS, 
mid-lateral spine; DMS, dorso-median spine. Scale bar represents 
0.4 mm. 
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Fig. 3.6: Metapenaeus ensis: whole animals, lateral views. Appendages, 
except the pleopods, the uropods and the telson, are excluded. A, 
mysis I; B, mysis I I ; C, mysis I I I ; D, postlarva I. Abbreviations are: 
SOS, supra-orbital spine; DMS, dorso-median spine; VMS, ventral-




Fig. 3.7: Metapenaeus ensis: first antennae (right), ventral views. A, 
protozoea I; B, protozoea I I ; C，protozoea I I I ; D, mysis I ; E, mysis 
I I ; F，mysis I I I ; G，postlarva I. Abbreviations are: COX, coxa; 
BAS, basis; END, endopod; EXO, exopod; ST, statocyst; PB, 




Fig. 3.8: Metapenaeus ensis: second antennae (right), ventral views. A , 
protozoea I; B, protozoea I I ; C, protozoea I I I ; D, mysis I ; E, mysis 
I I ; F，mysis I I I ; G, postlarva 1. Abbreviations are: PROT, 
protopod; END, endopod; EXO, exopod; SCA, scaphocerite; ISC, 
ischium; MER, merus; CAR, carpus; PRO, propodus; DAC, dactyl. 





 • - -
眷I 
Fig. 3.9: Metapenaeus ensis: mandibles (left and right), posterior views. A , 
protozoea I; B，protozoea I I ; C, protozoea I I I ; D，mysis I; E, mysis 
I I ; F, mysis I I I ; G，postlarva L Abbreviations are: RM, right 
mandible; LM, left mandible; IP, incisor process; MP, molar 

















Fig. 3.10: Metapenaeus ensis: first maxillae (right), ventral views. A, 
protozoea I; B, protozoea I I ; C, protozoea I I I ; D, mysis I ; 
E, mysis I I ; F, mysis I I I ; G, postlarva I. Abbreviations are: 
e n d , endopod; EXO, exopod; BE, basal endite; CE, coxal 
endite. Scale bar represents 0.1 mm. 
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Fig. 3.11: Metapenaeus ensis: second maxillae (right), ventral views. A, 
protozoea I; B, protozoea II ; C, protozoea I I I ; D, mysis I ; 
E, mysis I I ; F, mysis I I I ; G, postlarva I. Abbreviations are: 




Fig. 3.12: Metapenaeus ensis: first maxillipeds (right), ventral views. A , 
protozoea I; B, protozoea I I ; C, protozoea I I I ; D, mysis I ; 
E, mysis I I ; F，mysis I I I ; G, postlarva 1. Abbreviations are: 
END, endopod; EXO, exopod; COX, coxa; BAS, basis. 
Scale bar represents 0.1 mm. 
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Fig. 3.13: Metapenaeus ensis: second maxillipeds (right), ventral views. 
A, protozoea I; B, protozoea I I ; C, protozoea I I I ; D, mysis 
I; E, mysis 11; F, mysis I I I ; G, postlarva L Abbreviations 
are: END, endopod; EXO, exopod; COX, coxa; BAS, basis. 
Scale bar represents 0.1 mm. 
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Fig. 3.14: Metapenaeus ensis: third maxillipeds (right), ventral views. 
A, protozoea I; B, protozoea I I ; C, protozoea I I I ; D, mysis 
I; E, mysis I I ; F, mysis I I I ; G, postlarva I. Abbreviations 
are: COX, coxa; BAS, basis; EXO, exopod; ISC, ischium; 
MER, merus; CAR, carpus; PRO, propodus; DAC, dactyl. 





Fig. 3.15: Metapenaeus ensis: third pereopods (right), ventral views. A, 
protozoea II I ; B, mysis I; C, mysis I I ; D, mysis I I I ; E, 
postlarva 1. Abbreviations are: COX, coxa; BAS, basis; 
END, endopod; EXO, exopod; DAC, dactyl; PRO, 
propodus; ISC, ischium; MER, merus; CAR, carpus; CHE, 
chela. Scale bar represents 0.1 mm. 
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Fig. 3.16: Metapenaeus ensis: f i f th pereopods (right), ventral views. A , 
protozoea I I I ; B, mysis I; C, mysis I I ; D, mysis I I I ; E, 
postlarva 1. Abbreviations are: COX, coxa; BAS, basis; 
END，endopod; EXO, exopod; ISC, ischium; MER, mems; 
CAR, carpus; PRO, propodus; DAC，dactyl. Scale bar 
represents 0.1 mm. 
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Fig. 3.17: Metapenaeus ensis: first pleopod, lateral views. A, mysis HI; 







Fig. 3.18: Metapenaeus ensis: telsons and uropods, dorsal views. A, 
protozoea I; B, protozoea I I ; C, protozoea I I I ; D, mysis I; 
E，mysis II; F, mysis I I I ; G, postlarva I. Abbreviations are: 
TEL, telson; URO，uropod; PLS, posterolateral spine; 
PVS, postero-ventral spine; END, endopod; EXO, exopod. 







Plate 3.1: Metapenaeus ensis. SEM image of the ventral view of the thoracic 
segments of PZ I I showing the rudimentary third maxillipeds and 
the undifferentiated pereopods. Abbreviations are: MAX3, third 






Plate 3.2 Metapenaeus ensis. SEM image of the lateral view of the thoracic 
segments of PZI I I showing the rudimentary third maxillipeds and 
pereopods. Abbreviations are: MAX3, third maxilliped; PR, 
pereopod. Scale bar represents 100 jam. 
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Plate 3.3: Metapenaeus ensis. SEM image of the lateral view of PZ I I I (A) 
and M I (B). Scale bar represents 100 jiim。 
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Plate 3.4: Metapenaeus ensis. SEM image of the endopods of the pereopods 
of ML Abbreviations are: PR3, endopod of the third pereopod. 
Scale bar represents 10 ]im. 
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Plate 3.5: Metapenaeus ensis. SEM image of the endopod of the third 
pereopod of MIL Abbreviations are: PR3, endopod of the third 
pereopod. Scale bar represents 10 jam. 
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Plate 3.6: Metapenaeus ensis. SEM image of the endopod of the third 
pereopod of MI IL Abbreviations are: PR3, endopod of the third 
pereopod. Abbreviations are: DAC: dactyl; PRO: propodus. Scale 
bar represents 10 ；am。 
83 

Plate 3.7: Metapenaeus emis�SEM image of the lateral view of PLI. Scale 
bar represents 500 ；am. 
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Plate 3.8: Metapenaeus ensis. SEM image of the chela of the third pereopod 
of PLI. Abbreviations are: CHE, chela; DAC, dactyl; PRO, 




THE GRAZING BEHAVIOUR OF EARLY L IFE HISTORY STAGES OF 
Metapenaeus ensis 
4.1 Introduction 
Larvae of Metapenaeus ensis have been demonstrated to exhibit low predation 
rates on Artemia nauplii (Chu and Shing, 1986) and could survive until postlarvae 
by feeding solely on algae (Chu, 1989). Thus, Metapenaeus ensis is a very good 
subject for studying changes in feeding rates on algae along with larval development. 
To my knowledge, except for the works of Emmerson (1984)，Kurmaly et al. 
(1989), and Wong et al. (1989)，there have been no studies on the herbivorous 
feeding behaviour of penaeid larvae. Although the study by Wong et al. (1989) was 
on the herbivorous feeding behaviour of larval stages of M. ensis, focus was on very 
high food concentration ( > 1 x 10^  cells.ml"^) and no tests on postlarval stages were 
carried out. In this chapter, results of a more detailed and comprehensive study on 
the feeding rates of the larval and postlarval stages of M. ensis on the diatom, 
Chaetoceros gracilis, are presented. C. gracilis has been demonstrated to be an 
effective diet for rearing penaeid larvae (Simon, 1978; Sunaz, 1980; Kuban et al, 
1985; Chu and Lui, 1990). 
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4.2 Materials and Methods 
4.2.1 Rearing of animals 
The procedure and conditions of rearing larvae and postlarvae of M. ensis 
were similar to those described in Chapter 3. 
4.2.2 Culturing of algae 
A stock culture of C. gracilis was obtained from the Centre Oceanologique 
du Pacifique, Tahiti, French Polynesia. Algae for rearing shrimp were grown in 
500-1 outdoor tanks in seawater enriched with KNO3 (100 ppm), KH2PO4 (10 
ppm), and Na2Si03 (5 ppm). A small-scale algal rearing system was set up for 
culturing of diatoms for feeding experiments. C. gracilis was grown in Walne's 
medium (Walne, 1966) prepared from 0.45-um autoclaved filtered seawater. The 
medium was added continuously through a peristaltic pump (Gilson Millipuls 2) 
into a round-bottom 1-1 flask. Air, after passing through water, was pumped into 
the bottom of the flask to facilitate mixing. The culture was grown at 30 
under fluorescent light with a 16:8 light-dark cycle. The density of the algal 
culture was checked and algae were harvested twice daily to keep the cell counts 
stable. The daily variation in algal density during the experimental period 
remained reasonably stable (Fig. 4.1). 
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4.2.3 Feeding experiments 
Feeding experiments on C. gracilis were performed on all protozoeal and 
mysid instars and on postlarvae of one, four and seven days (PL l , 4，and 7). 
Experiments were conducted in capped bottles with a volume of 1175 ml. C. 
gracilis grown in the small-scale culture system was diluted with aerated fi l tered 
(0.45 ) im Mil l ipore) seawater to give a range of food concentrations f rom 0.5 x 
104 to 2.5 X 10^ cells ml'^ Animals collected from rearing tanks were washed in 
filtered seawater and then transferred into the bottles to acclimate for 30 to 60 
minutes. The density of shrimp was 100 ind.bottle'\ Six food concentrations 
were tested in each set of experiments. Control bottles without animals were set 
up for each food concentration to check for changes in algal density during the 
experiment. The bottles were mounted on a turning wheel rotated at 1.5 rpm. 
A l l experiments began between 1900 and 2000 h and lasted for 16 h to minimize 
diel variations in feeding behaviour. Experiments were carried out in darkness 
at 26 ° to 28 The salinity and p H of the seawater ranged from 29 to 35 7 o o 
and 7.9 to 8.6, respectively. Feeding rate data were assigned to the instar at 
which the experiments started. Due to the brief larval moult cycle, up to 70% 
of shrimps could moult to the next instar before the termination of a few of the 
feeding experiments. 
Algal density in the bottles before and after a feeding experiment was 
determined using a Model Z B I Coulter Counter (100-jam orifice tube diameter) 
tuned to the appropriate size settings for C. gracilis (6.3 - 9.2 j im). Clearance 
rates and ingestion rates were calculated according to Frost (1972). The growth 
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constant for algae, k, and the grazing coefficient, g, were calculated as follows: 
Q 二 and C； = ( V e (k-g)(【^-【！）， 
where C^ and C〗 are cell concentrations (cells.ml'^) in the 
control bottle at the start (t^) and end (t�）of 
an experiment while, 
Ci* and C2* are cell concentrations in the bottle with grazers 
at time t^  and t:. 
The k and g were used to calculate the average cell concentration [C] using the 
equation, 
[C] 二 13 
(t2-ti)(k-g) 
Thus, clearance rate is given by: 
F (ml larva-ih-i) 二 Vg/N， 
where V is the volume (ml) of the bottle, and 
N is the number of larvae in the bottle. 
Ingestion rate, I，is then calculated from: 
I (cells.larva-i.h-i) = [C] x F. 
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4.3 Results 
4.3.1 Preliminary experiments 
As stated in Chapter 2, many factors other than food concentration may 
affect the feeding behaviour of an animal in an experiment. To study the effects 
of some factors related to the experimental design on the feeding behaviour of 
the early stages of M. ensis, a series of preliminary experiments were carried out 
(Table 4.1). Factors tested included predator concentration, experimental 
duration, and bottle size。 Within the tested range, only bottle size had 
marginally significant effect on the clearance rates of M IL 
4.3.2 Clearance rate 
Figs. 4.2-4 show the clearance rates of the various developmental stages. 
When the Spearman's rank correlation coefficient between clearance rates and 
algal concentrations were calculated for each instar, three distinct patterns could 
be discerned. The Spearman's correlation coefficient for PZI, PZII , and P Z I I I 
were negative and had the values of -0.879，-0.563, and -0.379, respectively. A l l 
three negative correlations were statistically significant (P < 0.05), indicating that 
the clearance rates were high at relatively low food concentrations, then dropped 
with increasing food concentration. Furthermore, the highest clearance rate 
recorded for each instar increased with development from around 0.15 
mlind-i.h-i in PZ I to 0.18 mlind-^h"^ in PZII, and finally reached above 0.22 
ml.ind-i.h-i in PZII I . For the mysid stages, the reverse trend was observed. The 
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Spearman's correlation coefficients of MI, M i l , and M i l l were 0.465, 0.347, and 
0.749，respectively. The correlations were significant for M I and M i l l (P < 0.05) 
but insignificant for M i l (0.05 < P < 0.10). Positive correlation coefficients 
between clearance rate and food concentration for mysis indicated that feeding 
effort increased gradually as food concentration increased. In fact, in contrast 
to the protozoeae, highest clearance rates were usually recorded at relatively 
high food concentrations. However, the highest clearance rates of myses were 
around 0.10 to 0.15 ml.ind'^h'^ and never exceeded those of protozoeae. Among 
the six larval instars, there appeared to be a trend for the values of Spearman's 
correlation coefficient to become less negative in the protozoeae and more 
positive in the myses as development progressed from PZI I I to M i l l . From 
PZI I I to MI , the correlation coefficient between clearance rate and algal 
concentration changed from negative to positive. Low clearance rates for PL I , 
PL4, and PL7 suggested that postlarvae did not feed actively on algae. 
When algal concentration below 1.2 x cell.mr^ and above 13 x lO^ 
cell.mr^ were compared, it was found that clearance rates of all protozoeal 
instars were significantly higher at low algal concentrations than at high algal 
concentrations (2-tailed Mann-Whitney test, P = 0.002 for PZI, P < 0.01 for 
PZII, and p < 0.05 for PZIII) . In contrast, M I and M i l displayed the opposite 
trend. Clearance rates at low algal concentrations were significantly lower than 
those at high algal concentrations (2-tailed Mann-Whitney test, P < 0.02 for MI , 
P < 0.005 for M i l l ) . For M i l , clearance rates at high and low concentrations 
were not significantly different (2-tailed Mann-Whitney test, 0.05 < P < 0.1). 
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Clearance rates at low (<1.2 x 10^  cells.ml-^) and high (>13 x 10^  
cells.ml'^) food concentrations for all protozoeal instars were pooled and compared 
with correspondingly pooled data for all mysid instars. At low food concentrations 
( < 1.2 X 104 celLml"^), the values for protozoeae were significantly higher than those 
for myses (2-tailed Mann-Whitney test, P < 0.001). At high algal concentrations 
( > 13 xlO^ cell.ml-i)，on the other hand, no significant difference was found between 
the clearance rates of protozoeae and myses (2-tailed Mann-Whitney test, P > 0.1). 
4.3.3 Ingestion rates 
The ingestion rates of various developmental stages of M. ensis on C. gracilis 
are shown in Figs. 4.5-7. Single variable regression analysis was used to investigate 
the relationship between ingestion rate and algal concentration. Following Mull in 
et al. (1975)，data points were fitted to a linear regression line assuming the absence 
of an incipient limiting level (ILL) (McMahon, 1965) and to a logarithmic regression 
line assuming the presence of an ILL to obtain the better fit. Among all instars 
studied, better fit by logarithmic regression was obtained in PZI and PZII. In all 
other instars, the linear regression model provided better description of the data. 
These results suggested that ILL occurred in PZI and PZII and the values were 
estimated to be around 6 x 10^  cells.ml.i and 17.5 x 10^ cells.ml'^ respectively. At 
the same time, a linear regression line was fitted to the rising phase of the curves 
to allow comparison of data with other instars. With the exception of PL4 and PL7 
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when the animals ingested little algae and the data were not statistically analysed, all 
early stages of M. ensis showed statistically significant positive correlation between 
ingestion rate and food concentration (P < 0.001 for PZI, PZII, PZIII, MI , M i l , 
and M i l l , P < 0.02 for PLI). These results suggested that there was a rise in 
ingestion rate as food concentration increased. The slope of the linear regression 
line, in unit of 0.1 ml.ind'^h-^ was steepest in PZI and PZII suggesting that these 
two instars showed the greatest change in ingestion rate in response to increase in 
food concentration. Among the stages studied, highest ingestion rate was observed 
in M i l with a value of around 3 x 10^  cells.ind'Mi'^ 
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4.4 Discussion 
Wong et al (1989) studied the clearance rate of the larvae of M. ensis 
larvae on C. gracilis by the gut fluorescence method (Mackas and Bohrer, 1976). 
The method measured chlorophyll derived pigments in the guts of the animals, 
and pigment content was used as an indicator of algal consumption. They found 
that the clearance rates of M, ensis larvae did not vary with food concentration 
ranging from 1 to 4 x 10^ cells.ml"^ and with larval development. The clearance 
rates they recorded ranged from about 0.004 to 0.033 mLind"\h"^ These 
clearance rate values are considerably lower than those reported in the present 
study, which usually ranged from 0.07 to 0.15 ml. ind ' \h ' \ Two reasons may 
account for the lower values reported by Wong et al (1989). First, as the 
authors suggested, the starved animals in their experiments might be moribund. 
Second, the gut fluorescence method adopted by Wong et al (1989) for 
measuring ingestion rate of the shrimp might underestimate ingestion and 
clearance rate of a grazer (Dagg and Gril l, 1980; Martaugh, 1984; Baars and 
Helling, 1985; Peterson et al., 1990). This argument wi l l be more fully explored 
in Chapter 5. 
The three different patterns in relationship between clearance rate and 
algal concentration displayed by protozoea, mysis, and early postlarva appeared 
to represent different feeding strategies. In the protozoeae, clearance rates were 
highest at low food concentration and then decreased as food concentration 
increased. I t was observed in the larvae of Peneaus monodon (Kurmaly et al, 
1989) that the protozoeae have lower daily energy requirement than the myses, 
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and could obtain their required amount of energy at lower food concentrations. 
Hence, the protozoeae would feed at their maximal possible rates at low food 
concentrations. In general, early stages of crustaceans ingest less food than the 
later stages (Paffenhofer, 1971; Yen, 1983; Yufera and Rodriguez, 1985). The 
same trend has been demonstrated earlier by Wong et al (1989) on the larvae 
of M ensis. Since the protozoeae have relatively lower food intake than older 
instars, as food concentration increases, the animal wi l l need to invest less energy 
to obtain the same amount of food, leading to a decrease in clearance rates at 
high food concentrations. This pattern has been reported for other crustaceans 
(Paffenhofer, 1971; Frost, 1972; Porter et al, 1982; Deibel, 1985). 
In contrast to protozoeae, the clearance rates of myses remained low at 
first but increased with food concentration. This may due to the fact that both 
the food requirement and physiological l imit for food assimilation of the larvae 
increase with growth. For M ensis, the morphology of myses makes them less 
efficient grazers than protozoeae (see Chapter 3)。As a result, the ability of 
myses to feed at low concentrations of algae might be limited. In addition, 
myses which are larger than protozoeae and have more body reserve may reduce 
feeding at low food concentrations to save energy. In fact, Paffenhofer (1988) 
argued that most calanoid copepods reduce their clearance rates as food 
concentration declines. 
Low clearance rates among postlarvae suggested that herbivorous feeding 
is not the principal mode of food intake. Morphological studies indicate that the 
postlarvae of M. ensis are primarily carnivores (see Chapter 3). 
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The finding that the ingestion rate of the early developmental stages of 
M, ensis increased with algal concentration, with or without an incipient l imit ing 
level, is in close agreement with patterns observed in many other crustaceans 
(Frost, 1972; Mul l in et al., 1975; Mayzaud and Poulet, 1978; Emmerson, 1980; 
Peters and Downing, 1984). This pattern is often accounted for by the argument 
that at low food concentrations the grazer maximizes its feeding effort so that as 
food concentration increases, ingestion rate also increases. But at relatively high 
food concentrations when ambient food supply exceeds the upper l imit of the 
assimilation efficiency of the animal, ingestion rate ceases to increase and levels 
off (Frost, 1975). The most comprehensive study on the effects of food 
concentration on the ingestion rate of the larvae and early postlarvae of penaeid 
shrimps was conducted by Emmerson (1984) on Penaeus indicus. In fact, some 
of the findings in the present study have also been observed by Emmerson 
(1980). For example, increase in the value of the I L L along with larval 
development was observed in both P. indicus and the early protozoeal instars of 
M. ensis. The I L L of 5 x cells.mH in PZI was increased to at 1.7 x 10^ 
cells.mr^ in PZII. A t later larval instars, the I L L was probably higher than the 
highest algal concentration tested. Further, although I L L was not determined 
for PZ I I I and later instars, highest ingestion rate was recorded in M i l (Fig. 4.6)， 
suggesting that the shrimps increased their food intake with development unt i l 
M IL The same observation was made by Wong et al (1989) on M. ensis and by 
Emmerson (1980) on P. indicus. 
Despite the similarities given above，discrepancies existed between the 
two studies. First, ingestion rate recorded for the early stages of M ensis in the 
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present study was lower than those reported for the larvae of Penaeus indicus 
and also much lower than those estimated for other penaeid shrimps 
(Emmerson, 1984; Kurmaly et al, 1989). Many reasons, such as differences in 
experimental conditions, cell type, and experimental design, may account for this 
discrepancy. But the most crucial factor seems to be larval size. The body length 
of M ensis larvae and early postlarvae (Table 3.2) is on the average only about 
65 % that oiP. indicus (Emmerson, 1980) and 74 % that ofR monodon (Motoh, 
1979; Kurmaly et aL, 1989). Lower food intakes for the smaller M, ensis larvae 
and postlarvae are therefore reasonable. 
Second, the ILL, which was recorded in all the larval instars of P. indicus， 
was not detected in most of the instars of M, ensis. While limited mainly by an 
animal's food assimilation rates, the I L L may also be affected by factors such as 
ambient food concentration and time allowed for the animal to acclimate to 
surrounding food concentration. For instance, Mayzaud and Poulet (1978) found 
that in five species of neritic copepods the relationship between ingestion rate 
and algal concentration displayed linearity for an extended period of time of 
acclimation to the ambient food medium (24 h to 6 d), and curvilinearity for 
time less than acclimation. The authors also found an increase in digestive 
enzyme secretion in these copepods after acclimation, suggesting that the 
copepods could shift to a new physiological optimum by increasing its digestive 
enzyme secretion to take advantage of the superfluous food surroundings. This 
argument may explain why ILLs were not found in most of the instars of M. 
ensis. In the present study, algal concentrations in the rearing tanks (0.8 - 3.6 x 
10^ cells.ml-i) overlapped with those in the feeding experiments (0.5 x lO* - 2.5 
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X 10^ cells.ml-i). As the shrimp were acclimated to the range of food 
concentration tested, saturation in ingestion rates was not observed. In contrast, 
in the study of Emmerson (1980), algal concentration during rearing was 10^ 
cells.ml-i，while the tested algal concentration was in the order of cells.ml'^ 
Since curvilinear ingestion rate curves should be expected if animals are given 
insufficient time to acclimate to a higher food concentration, ILLs were recorded 
in all the larval instars of P. indicus tested. 
Given the above argument, the question is why ILLs were recorded in 
PZI and PZI I o fM. ensis. Two reasons may account for this finding. First, as the 
instar duration was only around 1 to 2 days for each protozoeal instar, PZ I and 
PZI I might not have enough time to acclimate to food concentrations in the 
rearing tanks. Second, if cell concentrations in the rearing tank were much 
higher than the ILLs of PZI and PZII, then I L L would still be observed after 
acclimation. 
To estimate the feeding efficiency of each developmental stage, 
Emmerson (1980) plotted ingestion rates against food concentration and 
compared among different instars the slope of the init ial rising phase before the 
I L L was reached. The analysis revealed that M I was the most efficient grazing 
instar for P. indicus. A comparison of the slopes of the linear regression lines 
relating ingestion rate and food concentration (Figs. 4.5-7) for different larval 
instars of M. ensis, on the other hand, indicated that the protozoeae, rather than 
the myses, were the most efficient grazers. This discrepancy may be accounted 
for by the difference in the size of the algae used. The diatom, Thalassiosira 
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weissflogii, also known as Thalassiosira fluviatilis (Emmerson, 1984)，used by 
Emmerson (1980) has an average diameter of 11 jam (Frost, 1972). This was 
slightly larger than the diatom C. gracilis (6.3 - 9.2 ；im) used in the present study. 
Paffenhofer (1984) found that as the larvae of the copepod, Paracalanus, 
increased in size, their food preference gradually shifted to cells of larger sizes. 
This indicates that as the larvae grew, their preferred algal food size would 
gradually increase. According to this argument, when P, indicus were given T. 
weissflogii, mysis fed more efficiently than protozoea. With the use of the smaller 
C. gracilis, the highest feeding efficiency was recorded in the protozoeae of M. 
ensis. 
From a morphological point of view, Emmerson (1980) proposed that M I 
could ingest algal cells most efficiently because the myses have two feeding 
machanisms operating (maxillary pump mechanism and subsidiary axial 
mechanism). However, morphological observations on the feeding appendages 
of the early stages of M ensis (see Chapter 3) suggested that protozoeae rather 
than myses should be the most efficient grazers. During development from 
protzoeal to mysid instars, the following morphological changes were observed. 
First, the second antenna in protozoeae is large and densely equipped with fine 
setae and setules, whilst only a big antennal scale with minute setae is present 
in myses. Observations on the swimming behaviour of protozoeae confirmed 
that the second antenna was probably an important feeding appendage for 
protozoeae. The second antenna of protozoeae was observed to spread widely 
and move continuously when the shrimp were swimming. Second, the third 
maxilliped and the five pereopods which are rudimentary in protozoeae, become 
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big and functional in myses. The emergence of functional pereopods in the 
myses probably enables the shrimp to enter the raptorial feeding mode, rather 
than providing an additional mechanism for grazing. This was supported by the 
observation that in early postlarvae, which are obligatory carnivores, the 
structures of the pereopods are similar to myses. Observations of the close 
resemblance in body shape and swimming behaviour of between mysis and 
juvenile shrimp, and the ingestion of animal prey by the myses (see Chapter 5)， 
make it rather difficult to depict myses as efficient grazers. 
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Table 4.1. Metapenaeus ensis. Summary of experiments to study the effects of experimental variables on 
feeding rates on the diatom Chaetoceros gracilis. 
Factor • Experimental condition Tested Clearance rate on 
stage Chaetoceros gracilis p 
(ml.larva-t.h-i) 
mean 土 SE— 
Predator 200 shrimps.bottk] PZIH 0.063 + 0.006 > M) 1 
.concentration 100 shrimps.bottle"' 0.058 T 0.005 . 
50 shrimps .bottle-' 0.051 T 0.011 
200 shrimps.bottle-i M m 0.165 土 0.012 > ^ j 
100 shrimps.botUe-^  0.153 T 0.014 
50 shrimps.bottle-' 0.143 T o . 0 1 8 
Experimental 4h (2.5x10^ ceUs.ml-') PZI 0.035 + 0.048 > � 2 
d _ 。 n 16h(2.5xl(ycells.ml-) 0.031 T o . Q l Q 
4h (2.5x10^ cells.mi-') P Z m 0.075 4- 0.053 > 
16h(2.5xl(ycel ls^-^) 0.071 T 0.014 
4h (2.5x10^ cells.ml-') M I 0.076 + 0.068 >>=0 2 
16h(2.5xl(yceUs.ml-') 0.069 T 0.033 
BotUesize 纟 = = PZH 0 遍 土 0.027 > ^3 . 1 
U75ml bottle 0.125 土 0.006 
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Fig. 4.1: Chaetoceros gracilis. Temporal variations in concentration of cells ‘ 















































































Fig. 4.2: Metapenaeus ensis. Relationship between clearance rate and cell 
concentration for PZI, PZII, and PZI I I fed Chaetoceros gmciUs。 
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Fig. 4.3: Metapenaeus ensis. Relationship between clearance rate and cell 
concentration for MI , M i l , and M i l l fed Chaetoceros gracilis. 
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Fig. 4.4: Metapenaeus ensis. Relationship between clearance rate and cell 
concentrat ion for P L I , PL4, and PL7 fed Chaetoceros gracilis. 
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Fig. 4.5: Metapenaeus ensis. Relationship between ingestion rate and cell 
concentration for PZI, PZII, and PZI I I fed Chaetoceros gracilis. 
Linear regression lines were fitted to the data points. 
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Fig. 4.6: Metapenaeus ensis. Relationship between ingestion rate and cell 
concentration for M I , M i l , and M i l l fed Chaetoceros gracilis. 
Linear regression lines were fitted to the data points. 
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Fig, 4.7: Metapenaeus ensis. Relationship between ingestion rate and cell 
concentrat ion for P L l , PL4, and PL7 fed Chaetoceros gracilis. 
Linear regression lines were fitted to the data points. 
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THE OMNIVOROUS FEEDING BEHAVIOUR OF EARLY LIFE HISTORY 
STAGES O F Metapenaeus ensis 
5.1 Introduction 
In this chapter, the selective feeding behaviour of the early life history stages 
of Metapenaeus ensis was examined. The selective feeding behaviour and the 
feeding habit of an animal are closely related. I f there is a gradual change in the 
food preference of an animal during its development, this change wil l be reflected 
in the selective feeding behaviour of the animal. Unfortunately, most previous 
studies on the feeding habit of crustacean larvae have focused on either the 
herbivorous behaviour (Paffenhofer, 1984) or carnivorous behaviour (Anger and 
Dietrich, 1984; Ytfera et al., 1984; Dawirs and Dietrich, 1986), while studies on 
the omnivorous feeding behaviour of crustacean larvae are relatively rare. A few 
studies can be quoted on the omnivorous feeding behaviour of penaeid larvae 
(Emmerson, 1984; Kurmaly et al., 1989)，but they did not provide information on 
food selectivity because algae and animal food were not given to the animals 
simultaneously. Earlier in Chapter 3，it was presented on morphological grounds 
that the early stages of M. ensis undergo a transition in feeding habit from herbivory 
to omnivory or camivory along with development. This chapter wil l discuss two 
series of experiments on the omnivorous feeding behaviour of the early stages of M. 
ensis. The diatom Chaetoceros gracilis and newly hatched Anemia nauplii were 
used as food. 
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5.2 Materials and Methods 
5.2.1 Animals and food 
Procedures for maintaining shrimp and C gracilis were similar to those 
described in Chapter 4. To obtain newly hatched 灯em/a nauplii, 1 to 2 g of dry 
Artemia cysts were placed in vigorously aerated 20 °/oo seawater in 1-1 V-shaped 
flask at 29 The freshly hatched nauplii were collected by a Pasteur pipette, 
counted and added to the experimental bottles. 
5.2.2 Feeding experiments 
Two series of experiments to study the omnivorous feeding behaviour of 
the shrimp were conducted. In the first series, ingestion rate of shrimp on C. 
gracilis in the presence or absence of Artemia nauplii was determined. In the 
second series of experiments, ingestion rate of shrimp on Artemia nauplii was 
measured in the presence or absence of C. gracilis. Experiments were carried 
out on M i l l , PL2, PL3, PL5, PL6, PL8, and PL9. Results of preliminary 
experiments showed that the protozoeae of M ensis exhibited very low predation 
rate on Artemia nauplii and were thus not tested. 
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A. Experiments to determine the feeding rate on Chaetoceros gracilis in the 
presence or absence of Artemia nauplii 
• ^  
Ingestion and clearance rate ofM. ensis on C. gracilis in the presence and 
absence of Artemia nauplii were determined by the gut fluorescence method 
(Mackas and Bohrer, 1976). Animals at stages M i l l , PLS, PL6, and PL9 were 
collected from the rearing tank with a dip net. They were then washed with 
filtered (Whatman G /FA) seawater and transferred to 1175-ml bottles containing 
filtered seawater (Whatman G/FA) for 30- to 60-min acclimation. The stocking 
density of shrimp was 20 ind.bottle'^ C. gracilis were added at 1，5，10，15，and 
25 X 104 cells.mr\ For each algal concentration, two bottles were prepared. 
Artemia nauplii at a density of 200 ind.bottle"^ were added to one of the two 
bottles. Capped bottles were mounted on a turning wheel rotated at 1.5 rpm. A l l 
experiments were carried out in darkness at 26 ° to 28 Salinity ranged from 
30 to 35 °/oo and the pH from 8.0 to 8.5. A l l experiments lasted for 4h. Short 
experimental duration minimized the ingestion of algae by Artemia nauplii. 
Results of preliminary experiments revealed X\\2ii Artemia nauplii would not feed 
on C. gracilis until around 8 h after hatching. 
At the end of each experiment, the shrimp were collected on 65-;Lim mesh 
and stored at -20 °C until analysed for gut pigment content within two days. To 
measure gut pigment content, the frozen shrimp were transferred in batches of 
8 to 11 individuals to glass tubes containing 5 ml of 90 % aqueous acetone. 
Fluorescence of acetone extract before and after acidication with dilute H Q was 
measured with a Turner Model 112 Fluorometer. Gut chlorophyll and 
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phaeopigment contents of each shrimp was calculated by equations from Dagg 
(1983), modified from Strickland and Parsons (1968): 
l U J U i a ) 
ng chlorophyll/shrimp = n 
and 
KiA fc^ fa ) 
ng phaeopigment/shrimp = n 
where K is the calibration constant of the fluorometer, 
fo and fg are the fluorescence readings before and after 
acidication, respectively, 
n is the number of shrimp, and 
A is the acidification ratio. 
The ingestion rate I in ng pigment ind'^h"^ was calculated from the 
relationship: 
I = R.G.60 
where G is the mean gut pigment content per individual averaged from all 
observations at a given food concentration, and 
R is the gut evacuation rate in unit of inin"\ 
The clearance rate F (ml.ind"\h"^) was calculated, knowing the pigment 
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concentration of the feeding medium, from the equation: 
F = I / C 
where C is food concentration expressed as cells.mr\ 
To determine the gut evacuation rate (R) of the shrimp fed C. gracilis, 200 
to 300 individuals of a particular instar were fed algae at concentration of 10^ 
cells.ml'^ in a 700 ml circular glass bowl. After 3.5 to 5.5 h, the animals were 
collected on a 125-jLim mesh, rinsed, and transferred to another 700ml circular 
glass bowl containing 0.45-jum filtered seawater. A t 0, 1，2, 4，8，16，32, 60，90， 
120，and 150 min after the transfer, 10 to 20 animals were removed from the 
bowl with a small 125-jam mesh. The removed animals were rinsed with fi ltered 
seawater and frozen at -20 °C on a 125-)im mesh. Gut pigment content in the 
animals was measured as described above. Relationship between gut pigment 
content and time was shown by fitting the data to an exponential curve (Ellis and 
Small, 1989): 
St 二 Soe-Rt 
where S。 is the initial level of gut contents， 
St is the gut contents at time t, and 
R is the gut evacuation rate in unit of min'^ 
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B. Experiments to determine the predation rate on Artemia nauplii in the 
presence or absence of Chaetoceros gracilis 
The effects of algae on predation rate of M ensis on Artemia nauplii were 
determined on M i l l , PL2, PLS, and PLS. Animals were collected, washed and 
transferred to experimental bottles containing filtered seawater (Whatman 
G F / A ) for a 30- to 60-min acclimation. Predation rates at prey density of 20， 
30，50, 100，200，and 400 prey.bottle"^ were determined. For each prey 
concentration, two bottles were set up, and C. gracilis at 2.5 x 10^ cells.ml"^ was 
added to one of the bottles. Experimental conditions were similar to those used 
in the first series of experiments。 
A t the end of each experiment, all animals were collected on a 65-jLim 
mesh and preserved in 2% formaldehyde, and counted under a dissecting 
microscope. Changes in number of prey before and after the experiment were 
used to calculate the predation rate of the shrimp. 
Results of preliminary experiments revealed that i l lumination and bottle 




Relationship between gut content and time for starving shrimp of M i l l , 
PL3, PL6, and PL9 is presented in Fig. 5.1. The gut evacuation rates calculated 
were 0.009 min"^ for M i l l , 0.014 min"^ for PL3，0.019 min^ for PL6, and 0.006 
mir f i for PL9. 
Effects oiArtemia nauplii on gut pigment content (Fig. 5.2), ingestion rate 
(Fig. 5.3), and clearance rate (Fig. 5.4) of M, ensis were tested with 
nonparametric 2-factor ANOVAs with algal cell concentration and presence or 
absence of Artemia nauplii as main effects. With one exception of a significant 
effect of algal cell concentration on the clearance rate of M i l l (P < 0.025), gut 
pigment content, ingestion rate, and clearance rate of M. ensis were affected by 
neither the presence or absence of Artemia nauplii nor algal cell concentration 
(Table 5.1). Both gut pigment content and ingestion rate appear to decrease 
with age. For clearance rate, the decrease with age was not apparent unti l PL9. 
Effects of algae on the predation rate of M ensis on Artemia nauplii (Fig. 
5.5) were also tested with nonparametric 2-factor ANOVAs with prey density and 
presence or absence or algae as main effects. Predation rate of all the 4 tested 
instars (M i l l , P < 0.005; PL2, P < 0.001; PL5, P < 0.001; and PL8, P < 0.001) 
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was strongly affected by prey density, but not by the presence or absence of algae 
(Table 5.2). From PL3 to PL9，predation rate apparently increased with age. 
Althougfi the presence of algae did not have a significant effect on the predation 
rate on Artemia nauplii, M i l l always consumed more Artemia nauplii when algae 
were not provided. 
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5.4 Discussion 
In this thesis, two different methods have been used to measure grazing 
rates. In this chapter, ingestion and and clearance rates of M ensis on C. gracilis 
were determined by the gut fluorescence method. In Chapter 4 the cell counting 
method was used. The gut fluorescence method was used because postlarvae 
would not remove enough cells in the 4-h experiments to allow changes in cell 
densities to be reliably detected by a Coulter Counter. 
With cell counting method, the feeding rate of a grazer is estimated from 
the difference in particle concentration in the food medium before and after 
feeding. In this thesis, samples of the food medium were counted by an 
electronic device (Coulter Counter) which monitored particles of different sizes. 
One disadvantage of this method was that the Coulter Counter could not 
differentiate particle quality, such as the difference between a spherical algal cell 
and a non-living particle of the same dimensions (Paffenhofer, 1988). Thus, cell 
concentration could be easily overestimated. The gut pigment measurement, or 
gut fluorescence method developed by Mackas and Bohrer (1976)，is considered 
to be a rapid in situ method to determine the feeding rates of zooplankton 
(Paffenhofer, 1988). This method is based on the use of the photosynthetic 
pigment chlorophyll a and its degradation products as an indicator of algal 
consumption. This method requires estimates on the gut content and gut 
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evacuation rate or gut passage time (the reciprocal of gut evacuation rate) of the 
grazer. Major assumptions of this method include (1) a constant and 
characteristic gut evacuation rate for each animal or species, and (2) no loss in 
fluorescing compounds before the measurement of gut pigment content. In 
recent years, both assumptions have been challenged by investigators. First, loss 
of fluorescing compounds during digestion or through storage have led to 
underestimation of the feeding rate (Baars and Helling, 1985; Conover et al., 
1986; Dagg and Walser, 1987; Penry and Frost, 1991). Second, factors such as 
temperature (Fedorenko, 1975)，food concentration (Dagg and Walser, 1987)， 
food type (Murtaugh, 1984)，and ingestion rate (Murtaugh, 1984) have all been 
demonstrated to affect the gut evacuation rate or gut passage time of an animal. 
Results in the present study also revealed some problems of the gut fluorescence 
method. A comparison of the clearance rates for M. ensis estimated by the two 
methods is summarized in Fig. 5.6. As clearance rates were measured with the 
two methods on shrimp after different days of postlarval development, 
comparisons are made between postlarvae which were two days apart in age. 
Clearance rates estimated by the two methods are similar in the postlarvae, but 
in M i l l clearance rates determined by the gut fluorescence method generally 
appeared to be lower than those determined by the cell counting method. This 
finding was consistent with results of Peterson et al. (1990). They compared five 
different methods for estimating the feeding rate of the copepod, Calanoides 
carinatus, and found that the gut fluorescence method usually gave lower values 
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than the other four methods, including the cell counting method. Many authors 
(Dagg and Grill, 1980; Martaugh, 1984; Baars and Helling, 1985; Peterson et al., 
1990) have reported that gut evacuation rate in the absence of food would not 
provide a good estimate of the gut passage time for actively feeding copepods. 
Under starving conditions, gut evacuation rate and, hence, ingestion and 
clearance rates calculated would be underestimated. Also worth notetaking is 
a general augmentation in clearance rate of all the four tested instars estimated 
by the gut fluorescence method at relatively low food concentration. This could 
be accounted for by the fact that the gut fluorescence method assumes a constant 
and characteristic gut evacuation rate for each animal species regardless of the 
ambient food concentration of the animal。But it has been demonstrated by 
Dagg and Walser (1987) that the copepod Neocalanus plumchrus would decrease 
its gut evacuation rate as food concentration decreased. If this is also the case 
for the larvae and early postlarvae of M ensis, with the assignment of a 
characteristic gut evacuation rate estimated at relatively high food concentration, 
in this case at 10^  cells.mr\ then both ingestion rate and clearance rate wi l l be 
overestimated at low food concentration. Many improvements on measurement 
of gut evacuation rate have been suggested, but no common objective criteria 
were concluded. 
In the present study on M. ensis, predation rate on Artemia nauplii was 
determined in the presence or absence of C gracilis and ingestion rate on C 
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gracilis in the presence or absence of Artemia nauplii. Before comparing the 
results of these experiments, the predation rate and algal ingestion rate of 
different developmental stages of the shrimp in the absence of alternative food 
at the above food concentration will first be reviewed. Table 5.3 presents the 
ingestion rates of the various developmental stages of M ensis on C. gracilis at 
algal concentration of 2.5 x 10^ cells.mr^ Details of the experiments have been 
presented in Chapter 4. In Table 5.3, results of some preliminary experiments 
and results shown in Fig. 5.5 on the predation rates of the various larval and 
postlarval M. ensis on Artemia nauplii at prey density of 200 ind.bottle"^ are also 
given. Ingestion rate on algae increased from protozoea to mysis. The increase 
peaked at M i l and dropped drastically upon reaching postlarvae. From M I and 
M i l , predation on Artemia nauplii increased gradually with age. These same 
trends in changes in feeding behaviour during development have also been 
observed in Penaeus indicus (Emmerson, 1984) and Penaeus monodon (Ku rma l y 
et al., 1989). Dietary changes during development inM. ensis suggested that the 
protozoeae were obligate herbivores, and that herbivory was gradually replaced 
by omnivory and, finally, carnivory during the mysid instars and early postlarval 
stages. 
The transition of feeding habit can be verified by the results of the 
omnivorous feeding experiments. Ingestion rates on C. gracilis at 2.5 x 10^ 
cells.ml-i in the presence oi Artemia nauplii at 200 prey.bottle"^ and predation 
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rates of on Anemia nauplii at 200 prey.bottle'^ in the presence of C. gracilis at 2.5 
X 105 cells.ml-^ are summarized in Table 5.3. An attempt was made to compare the 
daily energy intake derived from the two food items. The energy content of C 
gracilis was estimated from the results of Whyte (1987) on the energy content of 
Chaetoceros sp. The energy content of Anemia nauplii, on the other hand, was 
based on a study by Schauer et al (1980). Daily energy intake of M i l l from C. 
gracilis in the presence of Anemia nauplii was 0.04 J.ind'^d'^, whilst energy intake 
from Anemia nauplii in the presence of algae was 0.68 J.ind'^d'^ Thus under these 
food concentrations, energy obtained from Anemia nauplii was 17 fold that obtained 
from C. gracilis. However, as discussed above, the gut fluorescence method might 
underestimate feeding rates on algae. Since the presence or absence of Anemia 
nauplii did not affect feeding rate on C. gracilis (Fig. 5.3)，the ingestion rates on C. 
gracilis determined in the absence of Anemia nauplii with the cell counting method 
(see Table 5.3) may be used for comparison. In this case, energy obtained by M i l l 
from C. gracilis was 0.38 J.ind'^d'^ which was still only about 60 % of the daily 
energy obtained from Anemia nauplii. Obtaining energy from both algal and animal 
food, Min are considered to be omnivorous. For postlarvae, no difference was 
found between feeding rates determined by the gut fluorescence method and by the 
cell counting method. Difference in daily energy intake from animal food and from 
algal food as estimated by the gut fluorsecence method was great and widened 
rapidly with age. Clearly, postlarvae were carnivores and were capable of acquiring 
121 
all of their energy requirements by predation. It can also be noticed in Fig. 5.5 that 
although the presence of algae did not significantly affect predation rate on Artemia 
nauplii, M i l l always consumed more Artemia nauplii in the absence of algae, 
suggesting that the predation activities of M i l l were affected by the presence of C. 
gracilis. 
The daily energy intakes of the larval and early postlarval stages of M. ensis 
were considerably lower than those reported for other penaeid shrimp (Emmerson, 
1984; Kurmaly et al., 1989). Two reasons may account for the differences. First, 
the concentrations of Anemia nauplii given in other studies were much higher than 
those used in the present study. For example, the Artemia nauplii concentration of 
5 to 9 ind. ml"^  used by Emmerson (1984) was much higher than the concentration 
of 200 indJ-i used in this study, and predation rate, in general, could be expected 
to increase with prey density (Mullin, et al” 1975; Chu and Shing, 1986). Second, 
as stated in Chapter 4，the average body length of the larval and early postlarvae of 
Metapenaeus ensis was about 65 to 75 % that of P. indicus studied by Emmerson 
(1984) and P. monodon studied by Kurmaly et a/. (1989). Clearly, the smaller M. 
ensis larvae and postlarvae have much lower energy requirements. 
The development of predation as early as mysis of the relatively smaller sized 
M。ensis suggests that for predation on Artemia nauplii the presence of appropriate 
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appendages for catching prey is more important than size in determining the diet of 
penaeid shrimp. The elongated pereopods of mysis facilitate the capturing and 
-fc. 
holding of Artemia nauplii. Preliminary observations revealed that the myses of M. 
ensis readily use their pereopods to capture and ingest Artemia nauplii, which were 
















































































































































































































































































































































































































































































































































































































































































































































































Tabic 5.3. Metapenaeus ensis. Summary of the ingestion rate on Chaetoceros gracilis in the preacnce or ahscncc of Artemia 
nauplii and the predation rates on Artemia nauplii in che presence or absencc of Chaetoceros gracilis. 
Developmental Ingestion rate on Predation rate on Ingestion rate on Predation rale on 
stag« Chaetoceros gracilis Artemia nauplii Chaetoceros gracilis Artemia nauplii 
(ceU3.ind-'.h ') • (prcy.ind-'.h ') ^ (ceUs.ind '.h ')' (prey.ind-'.h"')^ 
PZI ^ 
PZU 16030 
PZin 15060 ： 
MI 15890 0-363 
M n 23020- 0.288 
Mi l l 18370 I T ^ 
PLl 7 £ 2 
PL2 0.759 0.609 
PL3 1704 
PL4 0 
PL5 1.088 1.141 
4 
PL6 ^ 
PL7 0 . 
PL8 1.409 1.329 
PL9 294 
•Ingestion rate on Chaetoceros gracilis at 2.5 x cells.ml in the abscncc of Artemia nauplii. Results based 
on data in Figs, 4.5-7. 
Predation rate on Artemia nauplii at 200 ind.bottle'' in the abscncc of Chaetoceros gracilis. Results based 
on data from preliminary experiments (MI, Mi l ) and data in Fig. 5,5. 
^Ingcation rate on Chaetoceros gracilis at 2.5 x cells.ml in ihc prcscncc of Artemia nauplii at 200 ind.bottle'*o 
Results based on data in Fig. 5.3. 
'Sedation rate on Artemia nauplii at 200 ind.bottle * in the prcscncc of Chaetoceros gracilis at 2.5 x i t f cells.ml''. 
Results based on data in Fig. 5.5, 
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Fig. 5.1: Metapenaeus ensis. Decline of gut pigment in M i l l , PL3, PL6, and 
PL9 following transfer to 0.45-jLim filtered seawater. Animals were 
prefed with Chaetoceros gracilis at xlO^ cells-mH for 3^/2 to 5^/2 
h. Curves are non-linear regression fits to Sj 二 S^e-气 The gut 
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Fig. 5.2: Metapenaeus ensis. Gut pigment content (mean 土 SE) fed 
Chaetoceros gracilis in the presence (100 prey.bottle"^) and absence 
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Fig. 5.3: Metapenaeus ensis. Ingestion rate (mean 土 SE) fed Chaetoceros 
gracilis in the presence (100 prey.bottle'^) and absence of Artemia 
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Fig. 5.4: Metapenaeus ensis. Clearance rate (mean 土 SE) fed Chaetoceros 
gracilis in the presence (100 prey.bottle'^) and absence of Artemia 
nauplii. Each bar represents the average of 2 replicates. 
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Fig. 5.5: Metapenaeus ensis. Predation rate (mean 土 SE) on Artemia nauplii 
in the presence (2.5 x cells.ml'^) and absence of Chaetoceros 
gracilis. Each bar represents the average of 2 replicates for M i l l 
and 3 replicates for PL2, PL5, and PL8. 
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Fig. 5.6: Metapenaeus ensis. Clearance rate (mean 土 SE) at various 
concentrations of Chaetoceros gracilis. Data for P L I , PL4, and PL7 
were from 16-h feeding experiments using the cell counting method. 
Data for PL3, PL6, and PL9 were estimated by the gut fluorescence 
method in 4-h feeding experiments. 
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CHAPTER 6 
CONCLUSION 
Penaeids exhibit dietary change during their complicated larval 
development. There is a close relationship between feeding habit and the 
morphology of the feeding appendages. Although studies on larval feeding 
behaviour of penaeids have been conducted on Penaeus indicus by Emmerson 
(1984) and on Penaeus monodon by Kurmaly et al (1989)，research exploring the 
relationship between morphological adaptation and feeding behaviour are rare. 
The main theme of this research is to f i l l this gap. 
In order to study the feeding behaviour during the early developmental 
stages oi Metapenaeus ensis the alga Chaetoceros gracilis and the Artemia naup l i i 
were supplied as food. The results showed three discernible patterns in the 
feeding behaviour. The protozoeae were efficient grazers whose high clearance 
rates occurred at low algal concentrations. Low ability to prey on Artemia 
nauplii indicates that the protozoeae were predominantly herbivorous. The 
myses fed actively on both algae Artemia nauplii. The highest ingestion rate 
on C. gracilis was recorded in MIL Unlike the protozoeae, the highest algal 
clearance rates of the myses were recorded at high algal concentrations and they 
also had prominent intake of Artemia nauplii. While the results are not 
statistically significant, selection experiments on M i l l suggested that the presence 
of Artemia nauplii reduced grazing rate on C gracilis, while the presence of 
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algae, in turn, affected predation rate on animal prey. These findings indicated 
that the myses were omnivorous. After reaching postlarva, however, the animals 
became carnivorous. Ingestion rates on C. gracilis of the early postlarval stages 
were negligible. In contrast, predation rate on Artemia nauplii increased rapidly, 
and the presence of algae did not appear to affect predation rate on Artemia 
nauplii. Thus, postlarvae derived much of the daily energy intake from animal 
food. 
Most of the findings from the feeding experiments are consistent with 
observations on the progressive morphological changes during larval 
development. In the protozoeae, the second antenna, the first and the second 
maxilliped are long and densely plumose to provide a large surface area for 
capturing small particles. The lack of effective grasping appendages, such as 
chelae, suggests that the protozoeae are probably grazers. From protozoea to 
mysis, drastic morphological changes occur. The body shape of the myses begins 
to resemble that of adult shrimp. The second antenna, originally densely 
plumose, develops into a large scale-like scaphocerite bearing short setae. A l l 
these changes probably diminish the grazing efficiency of the myses. Although 
a third pair of maxilliped and five pairs of pereopods become big and functional 
in the myses, they are only sparsely equipped with setae and most likely do not 
contribute much to grazing. Morphology of these newly developed appendages 
does not show much further modifications even after entering the early postlarval 
stage when the animal is effectively a carnivore。However, the endopods of the 
first three pairs of pereopods have become extended and distinctly chelate, 
providing an efficient means for predation. The above observations point to a 
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scene of gradual transition in feeding habit from herbivory to carnivory during 
the mysid development. The postlarvae are miniature shrimp. The chelae of the 
first three pairs of pereopods are powerful and functional and the animals are 
predominantly carnivorous. 
Further studies on the feeding behaviour during the early life history 
stages of penaeid shrimp should include the relationship between the feeding 
habit and morphological, physiological and behavioural adaptations. 
Morphological studies should be expanded to the investigation of changes in 
sensory apparatus and digestive organs along with larval development. A t the 
same time, studies on food searching and food capturing behaviour should be 
included to develop a more comprehensive theory on the evolution of dietary 
changes in crustacean larvae. 
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